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ABSTRACT 
The Spatial Ecology and Resource Selection of Juvenile Lemon Sharks  
(Negaprion brevirostris) in their Primary Nursery Areas 
Bryan Robert Franks 
James R. Spotila, Ph.D. and Samuel H. Gruber, Ph.D.; supervisors 
 
 
 
 Shark nursery areas have been well studied but information on long-term, fine-
scale movements within nurseries and between nursery areas is lacking.  I tracked 47 
neonate and juvenile lemon sharks (Negaprion brevirostris) at Bimini, Bahamas (25°44′ 
North, 79°16′ West) over three years (2003-2005) within two nursery areas.  Using both 
manual and automated telemetry, I examined the movement patterns and habitat selection 
of juvenile sharks in the waters surrounding Bimini.  Sharks consistently showed a high 
degree of site fidelity to their natal nursery areas and there was no detectable immigration 
or emigration between nurseries.  Juvenile lemon sharks had small home ranges showing 
a high degree of reuse of certain areas and there was a positive relationship between 
home range size and distance from shore with body size.  However, sharks from the 
nursery area that was known to be more environmentally stable showed a stronger 
relationship between body size and movement patterns.  There were consistent 
differences in movement parameters when comparing similar aged sharks from the two 
nursery areas.  Sharks from the more stable nursery had smaller home ranges were found 
closer to the mangrove shoreline when compared to the other nursery.  Resource selection 
functions calculated during both the wet and dry seasons from 2003 to 2005 showed that 
shark locations were most correlated with increased prey biomass and decreased distance 
to the shoreline. 
 xix
 Examining both movement patterns and habitat selection from two distinct 
nurseries over a long time period demonstrated that juvenile lemon sharks in Bimini 
utilized the habitat in their natal nursery seemingly to minimize predation risks while 
maximizing prey availability.  Integrated approaches using a variety of long-term data to 
understand how juvenile sharks utilize nursery areas can significantly improve how 
essential fish habitat is defined and thereby strengthen conservation and management 
plans for these species.  
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 An understanding of the organization of animals in both space and time is one of 
the central questions in ecology (Kernohan et al., 2001) and answers to these questions 
can give insight into how an animal’s environment shapes its life history.  An organism’s 
physiology, behavior, and the physical and biological environment in which it lives 
interact to influence its movement patterns and thus its fitness and life history (Morris, 
2003).  Movement patterns and resource selection are important factors that affect overall 
fitness (Franklin et al., 2000).  Through behavior, animals choose to allocate time into 
different activities (i.e. foraging, resting, or regulating temperature) and then 
differentially allocate obtained resources within the body (Pyke, et al., 1977).  Animals 
should exhibit behaviors that maximize overall fitness such as increased foraging 
efficiency or reducing predation risk (Werner et al., 1983; Lima and Dill, 1990).  Field 
studies of movement patterns and resource selection can help to elucidate how animals 
utilize their environment and how these behaviors affect overall fitness and reproductive 
success (Matthews, 1990).  A thorough understanding of movement patterns and resource 
selection by animals is also becoming more important in terms of conservation and 
management.  Understanding the importance of habitats for a species takes on a greater 
meaning as anthropogenic degradation and destruction of habitats becomes more 
widespread.   Therefore, studies of movement patterns and resource selection should 
focus on understanding spatial and temporal differences in an attempt to define what is 
essential habitat for the species. 
 One method of examining the spatial ecology of a species is analyzing 
movements to determine activity space and site fidelity.  The size and shape of an 
animal’s activity space or home range is based on a multitude of factors such as food 
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availability, species density, habitat, intra and inter-specific competition, and other 
species specific habits (Sanderson, 1966).  Any animal should reside in the smallest area 
necessary to provide its total energetic requirements (Maza et al., 1973) but other factors, 
such as those mentioned, will affect the overall size of an animal’s activity space.  
However, studying movement patterns among individuals from different areas or 
individuals from different age/size classes can help to elucidate how these factors affect 
movement patterns thereby giving a more thorough understanding of an animal’s role in 
the environment and the environment’s effects on the animal.   
 Another method of examining spatial ecology is resource or habitat selection.  
Habitat selection provides an essential link between behavioral ecology and other 
ecological aspects of a species such as population ecology and physiological ecology 
(Kramer et al, 1997).  Habitat selection can be analyzed on many different spatial and 
temporal scales ranging from diel or instantaneous resource selection (microhabitat 
selection) to seasonal or yearly resource selection over a landscape (macrohabitat 
selection).  Microhabitat selection can elucidate aspects of physiology, morphology, life 
history and behavior as it is involved in functional processes (Kramer et al., 1997).  
Macrohabitat selection is important in conservation and management of species and 
habitats (Kramer et al., 1997; Henske et al., 2001; Simpfendorfer and Heupel, 2004). 
Many shallow water or coastal sharks use nursery areas (Branstetter, 1990; 
Castro, 1993) during their early years of life.  The concept of sharks using nursery 
grounds has been known for at least a century (Heupel et al., 2007) and Springer (1967) 
identified a size segregation among individual sharks whereby small, young sharks are 
born in shallow water and remain separate from adult sharks.  There is evidence of sharks 
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using nursery areas from the fossil record dating to 320 mya (Lund, 1990) suggesting that 
the behavior of using shallow, coastal areas as pupping grounds is primitive.  Studies 
suggest that nursery areas are chosen because of low predation rates, high abundances of 
prey, and suitable habitat (Branstetter, 1990; Rountree and Able, 1996).  Mortality rates 
in sharks during their early years can be high, as high as 64% mortality in the first year 
for lemon sharks (Manire and Gruber, 1993).  Gruber et al. (2001) found that annual 
survival rates for juvenile lemon sharks varied between 39% and 65%.  Bass (1978) 
delineated nursery areas in terms of size class with primary nursery areas being sites of 
parturition and containing neonate and small juvenile sharks.  Secondary nursery areas 
were usually farther offshore and contained larger juvenile sharks that had not yet 
reached maturity.  Nursery areas are also further delineated by the times of the year in 
which they are used.  In tropical and sub-tropical areas nursery grounds are usually 
occupied year-round as water temperatures remain high throughout the year (Castro, 
1993).  In higher latitude areas, many sharks are born into the nursery areas in the spring 
and remain through the summer.  As water temperatures cool, sharks move out of these 
areas into winter nurseries closer to the equator where water temperatures are warmer. 
 The Magnuson-Stevens Fishery Conservation and Management Act (1996) 
requires the collection of data related to essential fish habitat (EFH).  It defines EFH as 
“waters and substrate necessary to fish for spawning, breeding, feeding, or growth to 
maturity.”  Due to an unreasonable amount of habitats being defined as EFH, Musick 
(1999) recommended defining EFH based on the specific utilization by the species, 
availability of the habitat, and vulnerability to exploitation.  Because most shark nurseries 
are relatively small areas located in coastal habitats, they become habitats of particular 
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concern (Grubbs, 2001).  Amendment 1 to the Highly Migratory Species Fisheries 
Management Plan stresses research needs with respect to EFH of sharks and specifically 
calls for research on shark nursery areas.  Due to the importance of nursery areas to the 
life history of sharks and the fact that many nurseries are in areas under threat of 
anthropogenic impacts, there is an urgent need for research to define EFH for juvenile 
sharks.  A clearer understanding of the habitats that serve as nursery areas for sharks will 
aid in the conservation and management of sharks (Heupel et al., 2007). 
The lemon shark (Negaprion brevirostris, Poey 1868) is a coastal shark that 
ranges from New Jersey to southern Brazil in the western Atlantic, from the Gulf of 
California to Ecuador in the eastern Pacific, and off West Africa in the eastern Atlantic 
(Compagno, 1984).  The species is considered at low risk status but near threatened 
worldwide by the IUCN Red List (2007) but there is evidence for local population 
declines in the Eastern Pacific and Western Atlantic.  Lemon sharks are viviparous and 
females enter shallow water in late spring or early summer to give birth to 4-17 pups 
ranging from 45-60 cm total length (Compagno, 1984).  It has been found that females 
alternate years between giving birth in one year and mating during the next year 
(Feldheim et al., 2002).  Lemon sharks exhibit slow growth rates, 3.3 to 22 cm/yr (Gruber 
and Stout, 1983) due to slow digestion rates (Wetherbee and Gruber, 1990; Cortes and 
Gruber, 1992) and reach maturity at approximately 230 cm total length, which is attained 
at 11 to 13 years of age (Brown and Gruber, 1988).   The lemon shark has been well 
studied due to it being a large coastal species that is relatively abundant, easy to capture 
and adapts well to captivity (Gruber, 1982). 
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I conducted the following studies in Bimini, Bahamas, a small group of islands on 
the western edge of the Great Bahama Bank.  They contain multiple primary nursery 
areas for lemon sharks around the abundant mangrove fringed coastline.  The lemon 
shark uses the waters around Bimini, Bahamas as both primary and secondary nursery 
areas.  In Bimini, Bahamas lemon sharks are born in the primary nursery areas in April 
and May of each year and remain there for the first 3-5 years of life (juveniles).  At this 
point they leave the nursery areas but do not leave Bimini.  For an additional 5-8 years 
(subadults) they remain in the waters around Bimini until they reach a size of 230-260 cm 
at which point they are sexually mature (Sundstrom et al., 2001; pers. obs.).  These 
mature adults then leave the waters around Bimini (Gruber, 1982).  Females will return 
every other year to give birth and males may occasionally return for short periods of time.  
Populations of lemon sharks in the western Atlantic Ocean have been shown to be 
homogenous with no distinct stocks and gene flow occurring throughout the basin 
(Feldheim et al., 2001). 
Lemon sharks in the Bimini nursery areas exhibit a slower growth rate when 
compared to nurseries in other areas of the western Atlantic (Barker et al., 2005).  Within 
the nurseries of Bimini there is a substantial difference in growth rates when comparing 
juvenile sharks from two of the more well studied nursery areas (Jennings, pers. comm., 
DiBattista et al., 2007).  These two, the North Sound and South Bimini nurseries, have 
been shown to differ in many biotic and abiotic factors.  Newman (2003) demonstrated 
that the environment in the North Sound nursery was more unstable in terms of 
temperature and salinity.  This nursery also had a more unstable prey community both 
yearly and seasonally when compared to the South Bimini nursery area.     
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The movement patterns of both size classes (juveniles & subadults) have been 
studied in Bimini.  Morrissey and Gruber (1993a; 1993b) tracked juvenile sharks in one 
of the primary nursery areas and determined that the sharks did establish a home range 
(0.23 – 1.26 km2) and sharks seemed to select shallower, warmer water over a rock and 
sand bottom.  Juvenile lemon sharks also showed a strong homing ability returning to 
their original home range area after displacement of up to 16 km (Edren and Gruber, 
2005).  Subadult sharks in the secondary nursery areas had larger home ranges (9 – 93 
km2) and showed a diel activity pattern (Gruber et al., 1988; Sundstrom et al., 2001; 
deMarignac, 2000).  A study of prey selection by juvenile lemon sharks from two 
primary nursery areas in Bimini showed that sharks were selective predators (Newman, 
2003). 
Many studies of shark movements to date use short-term acoustic tracking with 
many tracks being single tracks of less than 24 h.  Long-term studies of movement 
patterns and resource selection by individual juvenile sharks would be an important 
contribution to how environmental factors affect spatial ecology generally and more 
specifically in defining EFH within nursery areas for shark species.  In chapter 2, I used a 
combination of long-term active and passive tracking to delineate the primary nursery 
areas in Bimini.  I examined residence time, site fidelity, and immigration/emigration 
patterns to discern how nursery areas in Bimini are utilized.  Juvenile sharks showed a 
high degree of site fidelity to their primary nursery areas and did not emigrate to nearby 
nurseries.  This is an important finding as it shows that fine-scale examination of nursery 
areas can show a delineation of nurseries even in a small area.  This makes the decision 
of birthing site by a pregnant female an important decision as the site of parturition may 
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have significant implications for the offspring.  Next, I examined movement parameters 
(home range & distance from shore) for sharks from two primary nursery areas to 
characterize the ontogenetic shifts in movements (Chapter 3).  Results showed that 
ontogenetic shifts were not consistent between the two nurseries suggesting other factors 
such as the environment may be influencing this relationship.   
In chapter 4, I examined spatial and temporal variability in movement patterns to 
discern if patterns were consistent between study sites, between seasons, and over a diel 
period.  There were clear differences in movement patterns suggesting that short-term 
studies may not be effective in characterizing movements and habitat use in juvenile 
sharks.  By conducting this study in Bimini, I was able to utilize the vast database that 
has been amassed working in the nursery areas around Bimini over the last 20 years.  In 
chapter 5, I analyzed resource selection in each of the two nursery areas studied using a 
combination of current and historical data.  This allowed for a more comprehensive 
examination of resource selection by juvenile sharks in their nursery areas than in any 
study to date.  To quantify prey communities, I combined data collected during my study 
with data collected during a study on prey selection (Newman, 2003).  Using this, I was 
able to focus solely on prey species that I knew were important prey for the sharks in 
these nurseries.  I was also able to estimate predator density by combining data collected 
over the last 10 years on movement patterns of subadult lemon sharks.  To estimate 
bottom type, I utilized previous work conducted in Bimini using a LandSat 7 satellite 
image to quantify biotopes around Bimini (Hussey, 2004).  Results from resource 
selection analyses showed that sharks in their primary nurseries generally preferred areas 
close to mangroves and areas that were higher in prey biomass. 
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Studies of movement patterns and resource selection in juvenile sharks are often 
limited to large-scale, short-term assessments (Simpfendorfer and Heupel, 2004).  These 
often do not fully characterize activity spaces over a long temporal scale or the 
relationship between environment and movements is not clear.  Here I used a 
combination of long-term continuous and intermittent tracking with a comprehensive 
characterization of the environment to examine the movement patterns and resource 
selection by juvenile sharks in their primary nurseries.  I propose that fine-scale studies of 
shark nursery areas over a long time period can be utilized to elucidate EFH for young 
sharks during their early stages of life.  By integrating these data with long term 
monitoring of the environment, it can provide useful insights into how the environment 
affects spatial ecology and thereby fitness of sharks while in their nurseries.  This 
information will be integral in protecting essential habitat to sustain healthy shark 
populations. 
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Chapter 2:  Spatial delineation of primary nursery areas for neonate and juvenile 
lemon sharks (Negaprion brevirostris) as defined by residence time, site fidelity, and 
immigration/emigration 
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ABSTRACT 
 Shark nursery areas have been well studied but information on long-term, fine-
scale movements within nurseries and between nursery areas is lacking.  I tracked 
neonate and juvenile lemon sharks (Negaprion brevirostris) at Bimini, Bahamas (25°44′ 
North, 79°16′ West) over three years (2003-2005) using both manual and automated 
telemetry.  I evaluated shark movement patterns to examine residence times and site 
fidelity within nursery areas and immigration/emigration between nursery areas by 
tracking 23 individual sharks in the North Sound (NS) nursery and 16 individuals in the 
South Bimini (SB) nursery.  Most individuals (19 of 23 in NS, 15 of 16 in SB) had 
greater than 90% of all tracking locations within the nursery of original capture and many 
were never found outside of their original capture nursery area.  Tests of site fidelity 
showed that lemon sharks in their primary nursery areas were highly site attached.  When 
I examined all sharks tracked for longer than 3 months, 20 of 24 individuals showed a 
significant level of site fidelity when compared to 100 Monte Carlo simulated random 
walks.  Although there was less than 10 km separating the two nursery areas studied, 
there was no evident immigration or emigration between the two.  When I examined all 
14,222 manual tracking locations, there was only 1 tracking location for one individual 
that was in the opposite nursery from which it was captured.  I further examined levels of 
emigration from the NS nursery to an adjacent third nursery to determine if the lack of 
immigration/emigration seen between the NS and SB was a matter of distance.  Both 
manual and automated telemetry showed that no shark originally captured in the NS that 
established its activity space in the NS ever moved into the adjacent nursery to establish 
residence.  There were 4 sharks tracked that seemed to have an activity space that bridged 
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both of these nurseries but there was no detectable emigration from the NS nursery to the 
adjacent nursery area. 
 These results demonstrate that the NS and the SB nursery areas in Bimini must be 
considered as ecologically distinct nurseries.  Juvenile lemon sharks in Bimini remained 
in what were probably their natal nursery areas as I tracked many individuals through 
their first years of life.  These results suggest that nursery bound sharks are highly site 
attached and there is little or no immigration/emigration between primary nurseries in 
Bimini.  These findings indicate that the decision of a full-term lemon shark in Bimini of 
exactly where parturition occurs may be much more important than previously thought as 
these shark nurseries differ in many important factors.  
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INTRODUCTION 
 Nursery areas 
Gravid female sharks of coastal species travel to specific nursery grounds in the 
shallower portions of their range during spring or early summer to give birth.  Young 
sharks may remain in the vicinity of these nurseries while feeding and growing, usually 
in the absence of large sharks (Springer, 1967). Young sharks may remain in the nursery 
areas year-round (Yokota and Lessa, 2006) or migrate to other areas if seasonal 
temperature changes are too great (e.g. Simpfendorfer and Milward, 1993).  Nurseries for 
most coastal shark species are geographically discrete and usually found in shallow, 
coastal waters that are highly productive (Branstetter, 1990).  Bass (1978) established two 
types of shark nursery areas: primary nurseries, which are areas of parturition and where 
young spend the first stages of life, and secondary nurseries, which are used after sharks 
leave the primary nurseries but before reaching maturity.  Juvenile sharks may use 
nursery areas year-round in the tropics where warm water temperatures allow sharks to 
remain continuously, or seasonally in temperate zones where cold water temperatures 
during winter force sharks to migrate to other areas (Snelson et al., 1984; Castro, 1993).  
The utilization of nursery areas by sharks most likely evolved early on in development as 
in the fossil record Lund (1990) discovered a 320 million year old elasmobranch nursery 
area in Montana.  As suggested by Simpfendorfer and Milward (1993) the use of nursery 
areas may be closely associated with the evolution of sharks’ reproductive strategy of 
internal fertilization and large investment in a few highly developed young. 
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 Characterization of nursery areas 
Many shark nursery areas have been identified for numerous species around the 
world (Bass, 1978; van der Elst, 1979; Gruber et al., 1988; Castro, 1993; Simpfendorfer 
and Milward, 1993) and still more are being discovered (Yokota and Lessa, 2006).  
Grubbs (2001) points out that while many nursery areas have been identified, many of 
these studies do not characterize these areas in abiotic or biotic terms.  Many of these 
studies are a general classification of an area as having neonate or juvenile sharks that 
seem to use the area regularly.  These studies are very important for initially locating 
areas that may be serving as nurseries for shark species and may be important areas for 
sharks during their early life stages but a comprehensive investigation into the spatial 
delineation and the biotic and abiotic parameters of the nurseries will allow for a true 
understanding of the function of a nursery area.  A fine scale examination of primary 
shark nursery areas, in order to determine how nurseries are delineated spatially across an 
area of potential nursery habitat, would help to elucidate what is “essential fish habitat” 
for shark species during their early life stages.   
The Magnuson-Stevens Fishery Conservation and Management Act (NMFS, 
1996) (MSFCMA) requires the collection of data related to essential fish habitat.  It 
defines essential fish habitat (EFH) as “waters and substrate necessary to fish for 
spawning, breeding, feeding, or growth to maturity.”  A major component of determining 
essential fish habitat is characterizing the extent and utilization of nursery areas (Merson 
and Pratt, 2001).  The MSFCMA stresses the need for biological research concerning 
“identification of essential fish habitat….the impacts of wetland and estuarine 
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degradation.”  Identifying nursery areas and delineation of these nurseries is an integral 
first step in this process for defining EFH for sharks during their early life stages. 
 Nursery areas of Bimini 
The lemon shark nursery area around Bimini, Bahamas has been extensively 
studied since the early 1980’s (e.g. Gruber, 1982; Gruber et al., 1988; Morrissey and 
Gruber, 1993a; Morrissey and Gruber, 1993b; Sundström and Gruber, 1998; Gruber et 
al., 2001; Sundström et al., 2001; Feldheim et al., 2002; Barker et al., 2005; Edrén and 
Gruber, 2005) and can be considered along with the sandbar shark nursery area of the 
Chesapeake Bay (e.g. Musick, et al., 1993; Sminkey and Musick, 1995; Grubbs, 2001) as 
one of the most well studied of any shark nursery area around the world.  Bimini contains 
year-round primary and secondary nursery areas for the lemon shark (Gruber, pers. 
comm., pers. obs.).  The presence of lemon sharks in Bimini can be considered resident, 
frequent, transient, occasional, or rare depending on life stage.  Neonates and primary 
nursery bound juveniles are resident,  secondary nursery bound and near-adult juveniles, 
collectively called “subadults”, can be considered resident, frequent, transient, or 
occasional depending on size and space use, while adult lemon sharks are usually 
occasional or rare, with females arriving around April or May of each year to give birth 
(Feldheim et al., 2002).  The movement patterns of adult males are unknown but they are 
assumed to be nomadic and can be considered occasional to rare around Bimini.  
However, males may arrive during spring to use the waters around Bimini as a mating 
area (Feldheim et al., 2002).  The islands of Bimini contain multiple primary nursery 
areas for lemon sharks and also serve as a secondary nursery for subadults.  Many of 
these nurseries are continuous inside the northern island of Bimini.  However, there is 
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one primary nursery along the southern coast of the south island that is separated from 
the others by open water.  Much of this open water is within the boundaries of the 
secondary nursery potentially making this a dangerous area for young lemon sharks as 
this species exhibits cannibalism.  Therefore, an area with high numbers of subadult 
lemon sharks will be a dangerous area for small sharks in terms of predation risk. 
 Residence time, site fidelity, and immigration/emigration in shark studies 
To fully understand habitat use, a detailed knowledge of a species presence, 
location, and movement patterns is necessary (Heupel et al., 2006).  The Fishery 
Management Plan for Sharks (FMP) (NMFS, 1999) highlights the importance of accurate 
and precise monitoring of shark populations.  Carlson and Brusher (1999) point out the 
paucity of data with regard to juvenile shark stock size and recruitment and use an index 
of abundance based on fixed stations to examine juvenile shark populations.  The indices 
of abundance obtained from fixed surveys can be more precise than indices based on 
other sampling methods (Carlson and Brusher, 1999).  One caveat when using fixed 
survey areas is the reliance on stable recruitment patterns and no changes in population 
size from immigration or emigration or rates of immigration/emigration must be known 
(e.g. Whitehead 1990; Carlson and Brusher, 1999; Haddon, 2001).   
There are few data on levels of immigration/emigration within primary shark 
nursery areas.  Gruber et al. (2001) estimated emigration from one nursery area in Bimini 
to an adjacent nursery using mark-recapture methods.  They determined an observed 
emigration value based on catch data and a computed emigration value based on a Leslie 
depletion method.  Observed emigration from one nursery to the other ranged from 2 to 7 
individuals during 1995 to 1999 (Gruber et al., 2001).  They further suggested that 
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emigration beyond this adjacent nursery was unlikely based on previous telemetry studies 
and capture data from Bimini.  Tremain et al. (2004) found that juvenile bull sharks 
migrated out of an estuarine protected area into surrounding waters although this was 
based on a limited sample size.  Clarke (1971) suggested that juvenile scalloped 
hammerhead sharks had short residence times in their primary nursery (3-4 mos.) and 
emigrated out during winter.  However, Duncan and Holland (2006) working in the same 
nursery concluded that the juvenile hammerheads had long residence times (> 1 yr) and 
remained in the primary nursery year-round.  Heupel et al. (2006) found that bonnethead 
sharks in a Florida estuary had variable residence times but they were generally long-
term residents and they did not appear to make long migrations.  No study has used long 
term manual tracking to determine levels of immigration/emigration between nearby 
year-round primary nursery areas. 
 Importance of nurseries for population recruitment 
Although there is considerable variation in the life history traits among shark 
species, many large, coastal sharks exhibit a similar reproductive strategy characterized 
by delayed maturation, internal fertilization, low fecundity, and high parental investment 
(Compagno, 1990; Stevens, et al., 2000; Cortés, 2004).  This shows the importance of 
nursery areas in that if they allow more sharks to reach maturity by juvenile survival 
through protection from predators or high prey availability then more reproducing 
females will be added to the population.  However, if juvenile sharks exhibit high site 
fidelity and their nursery area is degraded or lost then this will have negative implications 
for population recruitment. 
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 Objective 
 The primary objective of this study was to delineate the nursery areas of Bimini 
spatially to determine if individual juvenile sharks utilize all the potential nursery areas 
around Bimini or if they are restricted to their natal nursery area.  This is important in 
terms of population recruitment because if sharks are limited to the nursery in which they 
were born then environmental conditions and/or changes in habitat could have a 
significant effect on the success of sharks during their early life stages.  The hypothesis to 
be tested was that there was no immigration or emigration by juvenile lemon sharks 
between nearby primary nursery areas.  A secondary hypothesis was that juvenile lemon 
sharks were highly site attached and showed site fidelity. 
 
MATERIALS & METHODS 
 Study Sites 
 I conducted this study at Bimini, Bahamas, a small group of islands located on the 
western edge of the Great Bahamas Bank.  Bimini is located 86 kilometers east of Miami, 
Florida at 25°44′ North and 79°16′ West.  The waters surrounding the islands are 
generally shallow (< 3 m), the coastline consists primarily of red mangrove (Rhizophora 
mangle) and turtle grass (Thalassia testudinum) covers much of the bottom in the shallow 
lagoons (Newell et al., 1959; Jacobsen, 1987). 
 In this study I tracked sharks captured from two primary nursery areas at Bimini.  
These included the North Sound (NS) nursery and the South Bimini (SB) nursery.  
Sharks were tracked in 4 major areas around Bimini: the North Sound, Sharkland, the 
Bimini lagoon, and the south coast of South Bimini Island (Figure 2-1).  The North 
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Sound is a semi enclosed area occupying 3 km2 located within the western and eastern 
arms of the island of North Bimini.  The study area off South Bimini comprised 
approximately 8 km of mangrove fringed coastline and 2 km of developed coastline. 
Sharkland (SL) is a primary nursery area located between the North Sound and the 
Bimini lagoon.  The study area comprised approximately 5 km of mangrove fringed 
coastline.  The Bimini lagoon sits between the islands of North and South Bimini and 
comprises an area of approximately 21 km2 (Morrissey and Gruber, 1993).  The North 
Sound and South Bimini nurseries are delineated by the fact that the Bimini lagoon 
separates these two nurseries from each other.   
 Telemetry Equipment 
 I conducted both active and passive telemetry using four types of acoustic 
transmitters during the course of this study.  For active tracking, two models (CT-82-2 
and CT-82-3) of Sonotronics acoustic transmitters were used.  The CT-82-2 had a length 
of 63 mm and a diameter of 16 mm.  It weighed 8 g in water, which was approximately 
1% of the body mass of the smallest sharks studied.  The CT-82-3 had a length of 67 mm 
and a diameter of 18 mm.  It weighed 10 g in water, which was about 1.1% of the body 
mass of the smallest sharks studied (Sonotronics, Inc., Tucson, Arizona).  Both types of 
transmitters emitted acoustic pulses at frequencies ranging from 68 to 78 kHz.  We 
actively tracked sharks with these transmitters by following them in boats and recording 
location information. 
 For passive tracking, I used two models (V8SC-2L and V13-1L) of Vemco coded 
acoustic transmitters.  The V8SC-2L had a length of 28 mm and a diameter of 9 mm.  It 
weighed 2.8 g in water, which was less than 1% of the body mass of the smallest sharks 
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included in the study.  The V13-1L had a length of 36 mm and a diameter of 13 mm.  It 
weighed 6.0 g in water, which again was less than 1% of the body mass of the smallest 
sharks transmittered (Vemco, Ltd., Shad Bay, Nova Scotia, Canada). 
 We monitored transmitters using two methods, active tracking and passive 
tracking.  For active tracking, we used two types of manual receivers (Sonotronics, Inc., 
Tucson, Arizona) as well as DH-2 directional hydrophones.  For passive tracking, we 
used VR2 automated acoustic receivers with an omnidirectional hydrophone (VR2, 
Vemco, Ltd., Shad Bay, Nova Scotia, Canada).  These receivers recorded the transmitter 
identification code, the date, and the time when a shark with a passive tracking 
transmitter swam within the detection range. 
 Shark Capture and Transmitter Implantation 
 I caught neonate and juvenile sharks in the North Sound and South Bimini 
primary nursery areas.  Juvenile lemon sharks were caught using 25 lb test monofilament 
gill nets (180 m x 150 cm) having 10 cm stretch mesh set perpendicular to shore.  Once a 
shark was caught and removed from the net, it was checked for a Passive Integrated 
Transponder tag (PIT; Destron Fearing Corp., South St. Paul, Minnesota) and if one was 
not found, a tag was inserted in the musculature beneath the dorsal fin.  Then I sexed, 
measured, and weighed the shark.  The measurements taken included precaudal length 
(PCL), fork length (FL), and total length (TL).  I also noted the time and location of 
capture.  I placed juvenile sharks into a pen constructed of flexible polyvinyl chloride 
fencing until the next day when I implanted transmitters.   
 I surgically implanted transmitters using sterilized surgical instruments.  We 
placed sharks into tonic immobility (Watsky and Gruber, 1990) 30 s to 1 min before 
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surgery began.  Once tonic immobility occurred, I made a 3-4 cm incision anterior to one 
of the pelvic fins through the abdominal wall and into the peritoneal cavity.  I inserted the 
transmitter into the incision and slid it completely into the body cavity.  Then I sutured 
the incision closed using either Ethicon braided silk nonabsorbable sutures for the 
juveniles or Ethicon braided coated Vicryl® absorbable sutures for the subadults.  I placed 
juveniles back into the pen and monitored them daily for 7-10 days.  When the incision 
sufficiently healed, I removed the sutures and released the shark.  I released subadults 
immediately following surgery because we could not contain them in a normal sized pen 
with smaller conspecifics. 
 Active Tracking 
I actively tracked lemon sharks at the 4 sites with Sonotronics acoustic 
transmitters that emitted a continuous coded signal using a hydrophone and receiver from 
small flat bottomed skiffs with 25 or 50 HP outboard motors.  The hydrophone localized 
the ultrasonic signal and transferred it to the receiver.  The receiver converted the 
acoustic signal from a high frequency sound (68-78 kHz; well above auditory range) to 
an audible signal which could be heard by the tracker.  We could identify individual 
sharks by the unique coded signal emitted by their transmitter and also by the frequency 
at which the signal was emitted.  For instance, the 3-5-6 transmitter emitted 3 pulses, 
followed by a pause, then 5 pulses, a pause, 6 pulses, a longer pause, then repeat.  These 
transmitters were continuous so the code repeated over and over allowing us to 
distinguish one shark from the other.  Also, the receiver contained a frequency dial which 
allowed the tracker to hone in on transmitters emitting at different frequencies.  This did 
not block other frequency transmitters from being heard but only transmitters at the 
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frequency with which the dial was set sounded normal.  We identified individual sharks 
by the unique code of their signal and the frequency with which the clearest signal was 
heard.  Teams of 2 or 3 people tracked the sharks for up to 8 hr shifts.  Two types of 
active tracks were done.  The first type, searching and locating, consisted of a team going 
out and getting locations for all sharks in that specific study site.  The second type, long-
term tracking, consisted of 8, 16, 24, or 48 hour tracks in which teams tracked individual 
for 6 or 8 hour shifts and then another tracking team relieved them.  During tracking the 
skiff was driven using the engine, powered by punting, or pushed by people wading in 
the water.  This depended on depth of the water and activity of the shark.  Tracking crews 
remained 30-100 meters from the shark depending on water depth and ocean conditions.  
One person stayed at the bow of the skiff with the hydrophone in the water listening for 
the shark.  This person relayed to the driver of the boat the direction and distance of the 
signal.  Every 5th minute of tracking, we recorded the GPS location of the boat using a 
Garmin® or Magellan® WAAS handheld GPS unit, the bearing to the shark, and the 
receiver gain at which the signal could no longer be heard or an estimated distance to the 
shark. There inherently was bias in estimated distance to the shark due to numerous 
factors such as listener bias, environmental conditions, etc.  We could confidently 
estimate distance from the boat to the shark within ±10 m.  Every 6th location or every 30 
minutes, we recorded additional environmental data including: water temperature, water 
depth, salinity (Aquafauna® refractometer), dissolved oxygen (Aquatic Eco-Systems® 
Dissolved Oxygen Meter), current (General Oceanics, Inc. Current Flowmeter), surface 
conditions, tidal stage, and wind speed (TurboMeter® Anemometer).   
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 Passive or Automated Tracking 
Automated receivers or bottom monitors are currently being used more frequently 
in field studies and there are clear advantages to employing this method of tracking 
compared to active, manual tracking.  These include continuous data gathering as the 
units are usually placed in the water column and remain for a period of time.  The 
monitors will continuously collect and store data until either the battery runs out or the 
memory reaches capacity.  An animal can be tracked continuously as long as it remains in 
range of the array of monitors.  Another great advantage is removing any observer bias 
from the study as the researcher is not present to influence behavior of the animal 
(Heupel and Hueter, 2001).  Because of the advantages, passive tracking using automated 
receivers can be extremely effective for locating animals.   
However, in certain studies, there are some clear site specific disadvantages to 
automated receivers.  The size, shape, and depth of water in a study site can have large 
effects on the use of these monitors.  The depth of the water, specifically shallow water 
areas, can severely affect the ability of the units to receive a signal from the transmitter 
(the range).  In shallow water areas, the detection range can vary as much as 250 m from 
one tide to the next with a detection distance of 50 m when the water depth is 40 cm at 
low tide and a detection distance of 300 m for the same monitor when the water depth is 
180 cm at high tide.  In shallow water, the detection range can also be affected by surface 
conditions around the unit as the signal from the transmitter cannot travel as great a 
distance if the surface water is rough or choppy (pers. obs.).  Another disadvantage is that 
unless you have a large overlap of detection range with many monitors then it is difficult 
to obtain a fine scale location (±10 m) for an individual animal.  These disadvantages can 
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be overcome by overlapping the detection range of the units but for a large study site this 
would require a large number of receivers which in some cases may be cost prohibitive.  
As stated, these disadvantages are site and study specific and are examples of problems 
that might be encountered when using automated receivers.  Active tracking will still 
provide fine-scale movements of sharks at a level that cannot be equaled using a passive 
tracking system.  Although each type of tracking has advantages and disadvantages, a 
combination of both can provide a more detailed study of shark movement patterns 
(Heupel and Heuter, 2001).   
We placed automated acoustic receivers (VEMCO VR2) with omindirectional 
hydrophones in the North Sound and Sharkland study sites which enabled us to locate 
sharks with automated Vemco transmitters.  These two primary nursery areas were 
adjacent to each other between the eastern and western arms of the North Bimini island 
(Figure 2-1).  The locations of the receivers included 15 units in the North Sound nursery 
and 3 units in the adjacent Sharkland nursery (Figure 2-4).  The 15 units in the North 
Sound maximized coverage of this nursery area.  The 3 units in the adjacent Sharkland 
nursery area were able to detect any sharks from the North Sound entering the Sharkland 
nursery.  This also allowed us to determine if any emigration occurred into the Sharkland 
nursery during the study.  Each receiver was inside a PVC housing with the hydrophone 
protruding through a hole cut in the top of the cap.  The PVC housing had a cement base 
buried into the sediment (Figure 2-2).  Every 2 to 4 weeks, we downloaded the location 
data from these receivers directly to a laptop in the field or the receivers were returned to 
the laboratory for downloading.  The receivers were then reinitialized and returned to the 
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monitoring site to minimize the amount of time lost tracking due to downloading of the 
data. 
 Data Analysis 
  Residence Time 
To examine residence patterns within the primary nursery areas I calculated 
residence histories based on the active tracking data and on passive tracking data when 
available.  A residence history included the number of times or days an individual shark 
was located in the primary nursery area in which it was originally caught compared to the 
number of times or days it was located in a different nursery area or in other areas outside 
of the nurseries.  I estimated residence time for sharks tracked using automated receivers 
in the North Sound by examining transmittered sharks for number of days located in the 
North Sound bottom monitor array (Section 1) vs. number of days located in the 
Sharkland nursery array (Section 3) along with the number of days spent along the 
boundary between the two (Section 2).  To elucidate this pattern, I calculated a ratio of 
the number of days in each section over the total number of days that the shark was 
somewhere within the array.  A ratio of 1 meant that every day that the shark was 
somewhere in the monitor array, it was also in that section. 
  Site fidelity 
To determine if sharks exhibited significant levels of site fidelity I used a 
procedure developed by Spencer et al. (1990) and modified by Hooge and Eichenlaub 
(1997) in the Animal Movements extension for ArcView 3.2.  To test for site fidelity, I 
generated a series of Monte Carlo random walks which were then compared to the 
observed movements.  A random walk was obtained by first calculating the distance 
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between successive fixes for each animal and then randomly choosing each distance 
without replacement until none remained.  Each distance was then paired with a random 
angle from 0° to 360° in order to create a random movement path.  I repeated this 
procedure to obtain 25, 50, 100, 200, and 300 random walks.  I found that statistical 
power did not improve above 100 random walks.  I created a constraining boundary to 
ensure random walks would not cross over land area.  Once the Animal Movements 
extension generated the specified number of random walks, the mean squared distance 
(MSD) from the center of activity and the linearity index (LI) (see below) were calculated 
for each walk.  The MSD from the center of activity ( X andY ) was: 
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where X = nX i /∑  and nYY i /∑= .  The formula I used for LI was: LI = (Fn – F1)/D 
where Fn was the location of the last fix for the animal, F1 was the first fix for the animal, 
and D was the total distance traveled over the entire tracking period.  To determine 
significance, values from the observed movements were compared to the values 
generated by the random walks.  If the MSD or LI obtained from the actual movements 
was significantly less than the mean of the measures for the random walks using 95% 
confidence intervals, then the individual was said to exhibit site fidelity. 
The linearity index (Bell and Kramer, 1979) measures the general shape of an 
animal’s movement path.  An LI ≈ 1 indicated a linear path with little revisitation of an 
area while LI < 1 suggested a meandering movement path with reuse of an area. 
Another method I used to examine movement patterns was the measure of 
eccentricity.  This measure uses a ratio of the major and minor axes to estimate the shape 
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of an animal’s space use.  An eccentricity of 1 indicates that the pattern is perfectly 
circular, while an eccentricity of more than 1 indicates an oblong or elongated pattern. A 
high measure of eccentricity for sharks in their nursery areas could indicate a juvenile 
shark is patrolling the shoreline and remaining tied to the shore. 
  Immigration/Emigration 
To determine if any individual sharks emigrated from their original nursery area and 
immigrated to another nursery around Bimini, I examined the data for cases where I 
located a shark in a different nursery from where it was caught and transmittered.  If a 
shark moved into another nursery area, I examined the subsequent data in order to 
determine if this move was permanent or simply a temporary “jaunt”.  Morrissey and 
Gruber (1993) described brief long-distance excursions undertaken by sharks outside of 
their typical activity spaces which they termed jaunts.  If an individual made an excursion 
into another nursery area then remained in that area for an extended period of time long 
enough to affect the animal’s core activity area, it was considered emigration into another 
nursery area. 
 
RESULTS 
 General Results 
 In the South Bimini primary nursery we implanted 16 juvenile sharks with manual 
tracking transmitters between March 2003 and November 2005.  These sharks ranged 
from age-0 to age-4 at the time of original capture and included 9 females and 7 males 
(Table 2-1).  We obtained a total of 8,594 locations from these 16 sharks over 34 months 
of manual tracking.  In the North Sound primary nursery we implanted 23 juvenile sharks 
 28 
with manual tracking transmitters between March 2003 and November 2005.  These 
sharks ranged from age-0 to age-3 at the time of original capture and included 14 females 
and 9 males (Table 2-1).  We obtained a total of 5,628 locations from these 23 sharks 
over 34 months of manual tracking.  Also in the North Sound nursery area we released 4 
juvenile sharks with passive tracking transmitters August 29, 2004 and 4 juvenile sharks 
on October 30, 2004.  These sharks included 5 age-1 sharks and 3 age-0 sharks at the 
time of original capture and there were 4 males and 4 females (Table 2-2).  We obtained 
160,276 hits in the monitor array from these 8 sharks over 12 months of passive tracking. 
 Residence Time 
 For the North Sound nursery a large percentage (89.0%) of the total tracking 
locations were within the boundaries of that primary nursery area, while locations in the 
Sharkland primary nursery and other areas represented 8.4% and 2.6% of the total 
respectively (Table 2-3; Figure 2-3).    No locations for North Sound sharks were within 
the South Bimini primary nursery area.  There were 4 NS sharks that had greater than 
25% of their locations in the adjacent Sharkland nursery (Figure 2-4).   
 For the South Bimini nursery a large percentage (92.8%) of all tracking locations 
were within the boundaries of the nursery area, while the remaining locations were either 
in other areas (7.1%) or in the North Sound nursery (0.1%) (Table 2-3; Figure 2-3).  The 
small percentage in the North Sound nursery represented one location for one day for 
SB2, a 4 year old shark approximately 110 cm in total length.  Shark SB4 was the only 
one that had all of its locations outside of the primary nursery area boundaries.  All 
locations for this shark were on the edge of the South Bimini nursery between that 
nursery and the main lagoon.  This shark died within 2 weeks of release after transmitter 
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implantation and we found the transmitter on the seafloor suggesting this shark died from 
a predation event. 
 The potential days at liberty for the 8 sharks with passive transmitters varied with 
the release date of the individual.  For the 4 sharks released on August 23, 2004 the 
maximum possible days at liberty was 459 days, the 3 sharks released on October 19, 
2004 it was 402 days and for the 1 shark released on October 31, 2004 it was 390 days.  
The number of days present within the array for the 8 sharks ranged from 14 to 386 days 
with a mean of 205 days.  The number of detections received on each monitor ranged 
from 415 to 26, 823 (Figure 2-5).  Sharks were continuous in the array for much of the 
study period although sharks did drop out of the study at various times (Figure 2-6).  
Potential reasons for dropping out of the study range were death from predation, 
transmitter failure, or leaving the study area (Table 2-2).  Two of the 8 sharks never 
ventured out of the North Sound nursery area while the other 6 sharks did make 
excursions into the Sharkland nursery area (Figure 2-7). 
 The ratio of days in each section over total days in the array varied by shark 
(Figure 2-8) with 6 of the 8 sharks having a ratio for the NS close to 1 and all 8 sharks 
having a ratio >0.67 for the NS section.  Ratios for the NS section ranged from 0.64 to 1 
with a mean of 0.90.  Ratios for the section along the southern edge of the NS ranged 
from 0.09 to 0.91 with a mean of 0.45.  Ratios for the SL section ranged from 0.00 to 
0.46 with a mean of 0.13.  The greatest ratio for the SL section was for shark BM25 
which had a ratio of 0.46.  
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 Site Fidelity 
The Monte Carlo random walk method provided a robust measure of site fidelity 
using MSD and LI to determine if animal locations were more constrained than random.  
Figure 2-9 shows an example of the 100 random walks simulated for shark NS5. 
In the NS nursery area I examined 12 sharks for the presence of site fidelity.  
Eleven sharks that had one month or less of tracking locations were excluded because 
there were too few points to obtain a sufficient random walk.  Of the 12 sharks, 10 
showed a high degree of site fidelity (95% confidence intervals).  The mean LI value for 
these 12 sharks was 0.07 (Range = 0.00-0.31) suggesting meandering reuse of an area 
(Table 2-4).   
In the South Bimini nursery, I examined 12 sharks for the presence of site fidelity.  
I excluded 4 sharks with less than one month of tracking locations from the analysis.  Of 
the 12 sharks, 10 exhibited a high degree of site fidelity (95% confidence intervals).  The 
mean LI value for these 12 sharks was 0.01 (Range = 0.00-0.01) suggesting meandering 
reuse of an area (Table 2-4). 
In both nurseries, measures of eccentricity were greater than 1 with a mean of 
1.62 (SEM=0.11) in the NS nursery and a mean of 1.70 (SEM=0.13) in the SB nursery. 
Measures of eccentricity were significantly different from 1 using a one sample t-test in 
each of the nurseries (p < 0.001) demonstrating a degree of elongation to the shark 
movement patterns. 
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Immigration and Emigration 
  Manual Tracking 
 No nursery bound shark caught and transmittered in SB ever entered another 
nursery area and no NS shark ever entered SB.  There was no immigration or emigration 
between these two nursery areas (Table 2-3; Figure 2-3).  No shark captured in the NS 
that established its range within the NS emigrated to SL.  There were 4 NS sharks tracked 
manually that spent >25% of their time in the Sharkland nursery (Figure 2-4).  Three of 
these sharks only ventured into the northern portion of Sharkland and 2 of these seemed 
to have a range that bridged the NS and SL nursery areas.  Shark 234 was the only shark 
that ventured significantly into SL and all of these locations were during one 24 hour 
track and were most likely a “jaunt” as the shark returned to the NS the next day.  There 
was no permanent emigration between the NS and SL for sharks that completely resided 
in the NS. 
  Automated Tracking 
 Of the 8 sharks, 7 were found in the SL nursery on at least one occasion (Figure 
2-7).  Only sharks BM24 and BM25 spent a significant number of days in the SL nursery 
while the other sharks only made short excursions into SL.  Shark BM27 was most likely 
predated as this shark never ventured into the SL nursery until 5 days before it 
permanently left the array when it abruptly moved into SL and then disappeared.  Shark 
BM22 also disappeared abruptly although the lack of data for this shark made 
determination of fate impossible.  It may have been predated or the transmitter may have 
failed.  Six of the sharks spent less than 15% of their total days in the array within the SL 
nursery while shark BM24 (26%) and shark BM25 (46%) utilized SL as a nursery area 
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(Figure 2-8).  No shark shifted completely from the NS to the SL nursery as all sharks 
that moved into the SL nursery returned to the NS nursery after a short period of time 
(Figure 2-7). 
 
DISCUSSION 
 Nursery bound neonate and juvenile lemon sharks did not immigrate or emigrate 
between the North Sound and South Bimini primary nursery.  There was no nursery 
bound juvenile shark from the NS ever found in the SB nursery area using both manual 
and automated telemetry.  Conversely, the only time a shark originally caught in the SB 
nursery was ever found in the NS nursery was one instance where a 4 year old shark, 
>1m was located in the NS nursery.  A shark at this size was large enough to be 
considered a subadult.  This shark also accounted for many of the locations from South 
Bimini sharks that were outside of the South Bimini nursery area.  These locations were 
due to this shark shifting its activity space from the primary nursery to include the 
secondary nursery areas around Bimini.  Our manual tracking equipment allowed us to 
detect sharks with automated transmitters and during over 700 hours of manual tracking 
in the SB nursery, we never heard a shark with an automated transmitter in that nursery.  
This suggests that there is virtually no immigration/emigration between the NS and SB 
nursery areas.  When examining two adjacent nursery areas (NS & SL), there did not 
seem to be any permanent emigration from the NS to SL among sharks that resided in the 
NS.  However, 2 sharks tracked manually and 2 sharks tracked using automated telemetry 
seemed to have an activity space that spanned both nurseries.  I captured these sharks in 
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the NS nursery but they did spend significant time in the northern portion of the SL 
nursery.   
 As nursery bound juveniles, lemon sharks were site attached probably to their 
natal nursery areas.  Twenty of 24 sharks tracked manually showed a high degree of site 
fidelity (Table 2-4) including individual sharks that I tracked for over a year.  This 
suggests that neonate and juvenile lemon sharks in Bimini remain tied to their natal 
nursery until they reach subadult age/size.  This could be seen with SB2, a shark tracked 
intermittently for >32 months.  As this shark reached late age 3/early age 4 it began 
moving out of the SB primary nursery and into the secondary nursery.  These longer 
distance movement became greater and more frequent as the shark aged suggesting it had 
reached a threshold size/age and was no longer primary nursery bound. 
 Residence Time  
 There were a high percentage of locations in the nursery area in which each shark 
was captured for all but one of the sharks tracked during the course of this study.  We 
caught SB4 on the very eastern edge of the South Bimini nursery and we tracked it for 3 
months on 8 separate occasions.  We only located this shark on the east side of South 
Bimini, in a “no man’s land” between the primary and secondary nurseries.  Not 
surprisingly, we found the transmitter on the bottom after three months of tracking, 
suggesting that this shark was predated upon.  For all other sharks >75% of their tracking 
locations were within the nursery area in which they were originally caught.  This shows 
the neonate and juvenile lemon sharks of Bimini remain in one nursery area and there is 
not much movement between the primary nurseries.   
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 Site Fidelity 
 Most sharks (20 of 24) showed a significant level of site fidelity further 
demonstrating that these sharks’ movements are not random and that neonate and 
juvenile sharks tend to remain in one nursery.  This conforms to the findings of Morrissey 
and Gruber (1993) who found that juvenile lemon sharks in the NS nursery area showed a 
high level of site attachment.  Measures of linearity were relatively low (<0.3) suggesting 
that there was a high level of meandering reuse of an area rather than linear, directed 
movements.  Morrissey and Gruber (1993) reported a mean linearity value of 0.044 for 
sharks in the NS nursery.  This is consistent with the values obtained in the NS in this 
study, 0.066, but was higher than the values obtained in the SB nursery (0.007).  This 
suggests that sharks in the SB nursery tended to revisit areas more frequently than sharks 
in the NS.  One reason for this may be that the SB nursery has less available habitat for 
the juvenile sharks to utilize forcing them to reuse areas at a higher level.  Another 
explanation could be that sharks in the SB nursery reuse areas more frequently because 
they do not have to move as far to obtain food, find shelter, etc.  Measures of eccentricity 
were significantly greater than one indicating that movement patterns were not circular 
but rather elongated.  This can most likely be explained by the sharks’ remaining close to 
the shoreline and following the shore.  Although eccentricity values obtained for sharks 
in this study (1.6 – NS & 1.7 – SB) were significantly lower than values obtained by 
Morrissey and Gruber (1993). 
 Immigration/Emigration 
 There were sharks captured in the North Sound that seemed to be using both the 
northern portion of the Sharkland nursery and the southeastern portion of the North 
 35 
Sound nursery.  However, no shark that had an activity space within the North Sound 
nursery ever moved into the Sharkland nursery and then established a home range in that 
nursery.  There was no immigration/emigration between the North Sound and South 
Bimini primary nursery areas as I never tracked a shark originally captured in the South 
Bimini nursery into the North Sound nursery and I never tracked a shark originally 
captured in the North Sound nursery into the South Bimini nursery.  The fact that out of  
> 14,000 manual tracking locations for juvenile lemon sharks, there was no recorded 
movement between the two primary nursery areas studied showed that the North Sound 
and South Bimini nurseries are distinct and separate nursery areas in Bimini. 
 Conclusions 
 There was no immigration or emigration between the North Sound and the South 
Bimini nursery.  There was some overlap between the North Sound and the Sharkland 
nurseries but sharks from the North Sound were probably site attached to their natal 
nursery. Although we tracked individual sharks traveling up to 38 km within their home 
range in a 24 hour period, sharks from the NS never ventured to SB.  Thus the two lemon 
shark nurseries studied at Bimini must be considered entirely separate and distinct 
nursery grounds rather than a single continuous unit.   It is also suggested that the NS and 
SL can be considered distinct nurseries. This finding must be taken into account when 
designing and implementing conservation strategies.  The decision by a full-term shark of 
exactly where parturition occurs may have important implications for the long term 
survival of cohorts.  Even small-scale destruction/degradation of nursery habitat may 
have far-reaching implications to populations if nurseries are geographically separated 
within a small area.  In conclusion, large areas that support juvenile sharks may well 
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consist of many small geographically and ecologically distinct primary nurseries.  These 
results demonstrate the importance of fine-scale studies of shark nurseries to accurately 
delineate space use by juvenile sharks and how such results may affect conservation 
strategies. 
 Future directions 
 The finding that lemon sharks do not seem to immigrate or emigrate from their 
natal nursery areas leads to the question of how specific is the decision of the location for 
parturition by pregnant female sharks.  A long term study of individual adult females 
over multiple years will be needed to determine the specificity of pupping location.  
Reproductive female lemon sharks have been shown to have a strong philopatry to 
Bimini, returning every two years to give birth (Feldheim et al., 2002).  However, the 
specificity of this philopatry is unknown in terms of the nursery area in which the female 
decides to give birth. 
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Table 2-1. Lemon sharks, Negaprion brevirostris, captured and transmittered for 
manual tracking during this study from 2003 to 2005.  Fate: P = predated, S = 
survived, UNK = undetermined fate as transmitter failed or shark was predated 
Study Site PIT Tag No. 
Shark 
ID 
Transmitter 
Date 
Size at 
Transmitter 
Date (TL) 
Sex Fate 
 42343D5776 SB1 10-Mar-03 71.5 F P 
 423B656C45 SB2 15-Mar-03 74.1 F S 
 4234557F12 SB3 17-Mar-03 65.6 M P 
 423B717E6F SB4 24-Mar-03 79.8 F P 
 423B044C24 SB5 24-Mar-03 63.2 F UNK 
 423B065142 SB6 24-Jul-03 73.8 F UNK 
South Bimini 423B420128 SB7 5-Aug-03 75.6 M P 
 41370A2235 SB8 23-Nov-03 80 F S 
 41370B2302 SB9 5-Mar-04 72 F UNK 
 423B523139 SB10 12-Jul-04 69.8 F S 
 451C5B1B05 SB11 29-Jun-05 71.2 F S 
 4234506D40 SB12 23-Jul-05 73.2 M S 
 411C2D607A SB13 3-Aug-05 65.4 M S 
 44565E7246 SB14 18-Sep-05 70 M S 
 452E33786B SB15 16-Nov-05 69.8 M S 
 454B236B7C SB16 26-Nov-05 70.1 M S 
       
 411C313A38 NS1 2-Apr-03 70 F P 
 411C300B72 NS2 2-Apr-03 74.8 F UNK 
 411C3A325A NS3 2-Apr-03 71.4 M S 
 423B416C5E NS4 2-Apr-03 69.1 M UNK 
 411C324613 NS5 25-Jul-03 75 F UNK 
 4234490149 NS6 21-Oct-03 71.2 F P 
 42344D0903 NS7 11-Feb-04 70 M S 
 4234473605 NS8 11-Feb-04 73 F S 
 445D4F1473 NS9 20-Jul-04 62.4 F UNK 
North Sound 4234485540 NS10 20-Jul-04 64.4 M UNK 
 44556E530E NS11 20-Jul-04 63.8 M P 
 4455632A20 NS12 20-Jul-04 61.2 F UNK 
 445D083D0B NS13 20-Jul-04 73.6 F UNK 
 445C707F6F NS14 20-Jul-04 62.6 M UNK 
 4456423208 NS15 20-Jul-04 62.7 F UNK 
 4456556511 NS16 20-Jul-04 64 M UNK 
 44556A562C NS17 20-Jul-04 71.2 F UNK 
 423B512017 NS18 31-Jan-05 77.5 F P 
 44557D1839 NS19 31-Jan-05 67.4 M S 
 445867006F NS20 19-Feb-05 63.4 M P 
 423B6D6577 NS21 19-Feb-05 83 F P 
 411C483130 NS22 24-Mar-05 71.2 M S 
 44565A6B51 NS23 24-Mar-05 65.8 F S 
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Table 2-2. Lemon sharks, Negaprion brevirostris, captured and transmittered for an automated tracking study in 2004 and 
2005.  Sharks were released when transmitter incisions had fully healed.  Fate: S = survival, M = mortality, P = predation, or UNK = 
undetermined. 
 
PIT Tag No. 
Transmitter 
Serial No. 
Shark 
ID 
Release 
Date 
Size at 
Transmitter 
Date (PCL) 
Sex 
Days 
Monitored 
Fate 
4234491719 7222 BM21 31-Oct-04 53.2 F 386 S 
4234376A44 7223 BM22 23-Aug-04 54.6 F 14 P/M 
423B0B175A 7224 BM23 23-Aug-04 57 M 217 P/M 
445C54645B 7225 BM24 23-Aug-04 47.5 M 107 UNK 
4234481539 7226 BM25 23-Aug-04 58.1 M 233 S 
411C37643C 7227 BM26 19-Oct-04 61.3 F 313 UNK 
44556D0A1F 7228 BM27 19-Oct-04 47.4 F 137 P  
445E131B7D 7229 BM28 19-Oct-04 50.8 M 238 P/M 
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Table 2-3. The percentage of tracking locations in each of the areas around Bimini from sharks caught and transmittered in 
the North Sound and South Bimini study sites.   Values represent percentage of total points from that age class.  Numbers in 
parentheses are SEM. 
 
Study Site Age n % in NS % in SL % in SB % in Other Areas 
North Sound 0 6 84.4 (11.1) 15.3 (10.9) 0 0.2 (0.2) 
 1 8 95.8 (2.3) 1.3 (1.2) 0 2.9 (2.1) 
 2 8 84.4 (6.8) 11.2 (5.9) 0 4.4 (2.2) 
 3 1 100 (N/A) 0 0 0 
  
Total   89.0 (3.8) 8.4 (3.6) 0 2.6 (1.1) 
South Bimini 0 4 0 0 100 (N/A) 0 
 1 6 0 0 99.3 (0.3) 0.7 (0.7) 
 2 5 0 0 80.0 (20.0) 20.0 (20.0) 
 3 4 0 0 96.9 (2.9) 3.1 (2.9) 
 4 3 0.1 (0.1) 0 86.3 (13.8) 13.6 (13.6) 
  Total   0.1 (0.1) 0 92.8 (4.8) 7.1 (4.8) 
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Table 2-4. Tests of site fidelity for all sharks tracked greater than one month.  LI is 
Linearity Index and ECC is Eccentricity. 
 
Study 
Site ID 
Site 
Fidelity LI ECC 
North 
Sound NS3 <0.01** 0.04 1.31 
 NS4 <0.01** 0.02 1.12 
 NS5 <0.01** 0.02 1.18 
 NS6 <0.01** 0.02 1.40 
 NS7 <0.01** 0.00 1.78 
 NS8 <0.01** 0.01 1.50 
 NS10 0.03* 0.01 1.95 
 NS14 <0.01** 0.31 2.03 
 NS17 0.33 0.13 2.20 
 NS21 0.12 0.02 2.00 
 NS22 <0.01** 0.11 1.64 
  NS23 <0.01** 0.10 1.28 
South 
Bimini SB1 0.02* 0.01 1.71 
 
SB2 <0.01** 0.01 1.96 
 
SB3 <0.01** 0.01 1.91 
 
SB4 0.88 0.01 1.11 
 
SB6 <0.01** 0.01 1.68 
 
SB7 <0.01** 0.00 2.43 
 
SB8 <0.01** 0.01 1.42 
 
SB10 <0.01** 0.00 1.38 
 
SB11 <0.01** 0.01 1.01 
 
SB12 <0.01** 0.01 1.72 
 
SB13 0.10 0.01 2.50 
  
SB14 <0.01** 0.01 1.57 
  **test is significant at the 0.01 level 
   *test is significant at the 0.05 level 
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Figure 2- 1. Map of Bimini Islands showing the 2 primary nurseries studied: the 
North Sound and the South Bimini coastline along with the primary nursery adjacent to 
the North Sound nursery: Sharkland. 
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Figure 2-2. Photograph showing the housing used for the automated receivers to protect them from damage and to  
anchor them in substratum.
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Figure 2-3. Proportions of manual tracking locations in the North Sound nursery, 
the South Bimini nursery, the Sharkland nursery, and other areas.
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Figure 2-4. Total ranges for 4 sharks captured in North Sound nursery that had 
>25% of their locations in the Sharkland nursery area.  Shark 234 was the only shark 
that ventured significantly into the SL nursery. 
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Figure 2-5. Map of the North Sound and Sharkland nursery areas.  Points represent locations of Vemco VR2 automated 
receivers.  Receivers were placed to obtain maximum coverage of the North Sound nursery while also monitoring passage into 
and out of the Sharkland nursery.  Each point in 2-5A is labeled with the number of detections received and the size of each 
point represents the number of detections received on each monitor.  2-4B shows the size of each point as a proportion of the 
total detections.
(A) (B) 
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Figure 2-6. Daily presence of 8 sharks tracked with automated receivers in the North Sound nursery area during 
 2004 and 2005. 
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Figure 2-7 (A-H). The number of detections received for each shark during the 
entire study in each of three sections of the NS and SL nursery areas.  Section 1 is 
the NS, Section 2 is along the boundary between the NS and SL, and Section 3 is SL.
(A) (B) 
(C) (D) 
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Figure 2-7. (Continued)
(E) (F) 
(G) (H) 
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Figure 2-8.  Ratio of number of days in each area vs. total number of days shark was present in the automated tracking array.  
NS is the North Sound nursery, Southern edge of NS is along the boundary between the North Sound and Sharkland, and SL is the 
Sharkland nursery.
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Figure 2-9. 100 simulated random walks for shark NS5 as an example of the test for site fidelity. 
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Chapter 3:  Ontogenetic changes in space use among juvenile lemon sharks 
(Negaprion brevirostris) in their primary nursery areas 
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ABSTRACT 
 
 Knowledge of ontogenetic changes in space use is important in elucidating how 
an animal’s changing environment affects its behavior through time.  Effective 
conservation and management strategies require a thorough understanding of how 
juvenile sharks utilize their nursery areas.  Using long-term continuous and intermittent 
tracking of nursery bound juvenile lemon sharks of all age classes, I evaluated movement 
patterns in two nursery areas from March 2003 to February 2006.  I examined each 
tracking location for all sharks studied to evaluate distance from shore in order to 
determine if younger or smaller sharks are more closely related with the shoreline.  I 
found that in both nursery areas there was a significant positive relationship with 
age/body size and distance from shore.  I used two methods of home range estimation 
(Minimum Convex Polygon (MCP) and Least Convex Hulls (LoCoH)) to examine 
quarterly home ranges of sharks ranging from age 0 to age 4 within the two nurseries.  
MCP (mean: 0.614 km2 and 0.866 km2) and LoCoH (mean: 0.415 km2 and 0.564 km2) 
areas were significantly correlated with age/body size in most instances.  Profile analyses 
for all sharks studied longer than 3 months showed a significant increase with time for 
individual sharks in one nursery but not a significant increase in the other nursery area.  
These results indicate that juvenile lemon sharks do increase space use as they age and 
grow within the primary nursery area.  This may be a result of increased food demand 
causing sharks to expand activity space to fill energy needs or as sharks grow they 
become less at risk of predation thereby more area becomes available for them to increase 
space use.  Also, the lack of a consistent pattern when examining both nursery areas 
suggests that other factors may be affecting space use rather than a simple relationship to 
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body size.  Future work should focus on long term study of individual animals rather than 
pooling data among a population as there can be high variability between individuals that 
may reflect local conditions and habitats.    
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INTRODUCTION 
 Spatial usage and movements 
 Knowledge of movement patterns (i.e. use of space and activity patterns) is 
essential in understanding the behavior of a species as well as defining essential habitat 
for that animal.  An animal’s movement patterns can have profound effects on its 
energetics, reproductive fitness, and survival (Matthews, 1990; Itzkowitz, 1991).  An 
animal should select environments that supply it with adequate food, shelter, and mates 
(Baker, 1978).  While movement patterns are expected to optimize the fitness and 
reproductive success of an animal (Matthews, 1990), many biotic and abiotic factors such 
as food availability, population density, reproductive activities, and habitat influence 
movement patterns (Sanderson, 1966).  The factors that affect an animal’s movement 
patterns are not static but, rather are dynamic and change throughout the course of an 
animal’s lifetime.  Therefore, an individual’s movement patterns will be dynamic and 
change both spatially and temporally throughout its life.   
 Ontogenetic shifts in movements 
 An important aspect of animal movements is how these behavioral patterns 
change as an animal ages and grows.  Only by studying animals of all age classes and if 
possible for the same individuals can a true understanding of how space use changes as 
animals grow be achieved (Simpfendorfer and Heupel, 2004).  The long-term study of 
individuals can give insight in many aspects of behavior and ecology that is unattainable 
with short-term studies. 
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 Shark movements 
 A thorough understanding of movements and behavior are integral in the study of 
elasmobranch biology and ecology.  The development of acoustic telemetry technology 
allowed new insights into these areas.  Bass and Rascovich (1965) were among the first 
to use acoustic telemetry to monitor movements.  Since then there have been numerous 
studies of elasmobranchs employing tracking technology to examine various aspects of 
their ecology such as nursery delineation, home range determination, migration patterns, 
homing behavior, and habitat selection (Table 3-1).  Much of the early work using 
telemetry employed manual tracking whereby sharks were followed in a boat from a 
distance using a hydrophone and receiver (e.g. Standora and Nelson, 1977; Holland et al., 
1992).  Recently, improvements of telemetry technology have led to the increased usage 
of automated receivers whereby sharks can be tracked continuously without the 
presence/influence of the researcher (e.g. Heupel and Hueter, 2001; Klimley et al., 2001).  
 Despite the various studies of shark movements, few have manually tracked 
individual animals for an extended length of time.  Many studies of space use in sharks 
are based on short-term tracking data (Simpfendorfer and Heupel, 2004). This is due to 
the logistical difficulties in the long-term manual tracking of individual animals.  Some of 
the longest term tracking studies in the literature include a lemon shark tracked over 433 
days (deMarignac, 2000) and a tiger shark tracked over 314 days (Holland et al., 1999).  
However, these animals were tracked regularly for a short period of time, lost for an 
extended period of time, and then located again and tracked for a short period of time.  
No studies to date have tracked individual sharks with manual telemetry for longer than 
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one year and maintained contact with the individual animal regularly throughout the 
study period.  
Movement patterns and activities of juvenile lemon sharks studied (Morrissey and 
Gruber, 1993a, 1993b) in nursery areas around Bimini, Bahamas indicate that juvenile 
lemon sharks are crepuscular and highly site specific.  In addition, juvenile lemon sharks 
in Bimini have small activity spaces located near the mangrove fringe and select 
shallower, warmer water with underlying rock or sand substrates perhaps as a means of 
predator avoidance.  However, few studies of shark movements have examined 
ontogenetic changes in space use as long term tracking of individual sharks is logistically 
difficult.   
 Lemon shark Biology  
The lemon shark (Negaprion brevirostris, Poey 1868) is a coastal shark that 
ranges from New Jersey to southern Brazil in the western Atlantic, from the Gulf of 
California to Ecuador in the eastern Pacific, and off West Africa in the eastern Atlantic.  
Lemon sharks are viviparous and females enter shallow water in late spring or early 
summer to give birth to 4-17 pups ranging from 45-60 cm total length (Compagno, 1984).  
Females alternate years between giving birth in one year and mating during the next year 
(Feldheim et al., 2002).  Lemon sharks exhibit slow growth rates, 3.3 to 22 cm/yr (Gruber 
and Stout, 1983) due to slow digestion rates (Wetherbee and Gruber, 1990; Cortes and 
Gruber, 1992) and reach maturity at approximately 230 cm total length at 11 to 13 years 
of age (Brown and Gruber, 1988).   The lemon shark has been well studied because it is a 
large coastal species that is relatively abundant, easy to capture and adapts well to 
captivity (Gruber, 1982).   
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Lemon sharks as with many other shallow water or coastal sharks use nursery 
areas (Branstetter, 1990; Castro, 1993) during their early years of life.  Sharks appear to 
choose nursery areas because of low predation rates, high abundance of prey, and suitable 
habitat (Branstetter, 1990; Rountree and Able, 1996).  Mortality rates in sharks during 
their early years can be high, as high as 64% mortality in the first year for lemon sharks 
(Manire and Gruber, 1993).  The major predator for juvenile sharks in nursery areas is 
larger conspecifics (pers. obs.; Gruber, pers. comm.).  Gruber et al. (2001) found that 
annual survival rates for juvenile lemon sharks varied between 39% and 65%. 
In Bimini, Bahamas lemon sharks are born in the primary nursery areas in April 
and May of each year and remain there for the first 3-5 years of life.  At this point they 
leave the nursery areas but do not leave Bimini.  For an additional 5-8 years they remain 
in the waters around Bimini until they reach a size of 230-260 cm at which point they are 
sexually mature.  These mature adults then leave the waters around Bimini.  Females 
return every other year to give birth and males may occasionally return for short periods 
of time (Feldheim et al., 2002).   
 Objective 
 The primary objective of this study was to examine the ontogenetic changes in 
movement patterns of young lemon sharks from two primary nursery areas.  This is 
important in elucidating how the space use by young sharks changes as they grow and 
shift from a primary nursery to a secondary nursery area.  There are few studies that 
examine space use by young sharks over a range of known ages and even fewer that 
examine these parameters for the same individuals over multiple years.  The hypothesis 
tested was that juvenile sharks from age 0 to age 4 had similar movement patterns and 
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use of space.  A sub-hypothesis was that within the primary nursery areas sharks had 
similar movement patterns regardless of size.  Results from this study may have broad 
implications by showing how long-term studies on individuals may reveal insights into 
movement patterns that cannot be seen with short-term studies on different animals. 
 
MATERIALS AND METHODS 
 Study Sites 
 I conducted this study at Bimini, Bahamas, a small group of islands located on the 
western edge of the Great Bahamas Bank.  Bimini is located 86 kilometers east of Miami, 
Florida at 25°44′ North and 79°16′ West.  The waters surrounding the islands are 
generally shallow (< 3 m), the coastline consists primarily of red mangrove (Rhizophora 
mangle) and turtle grass (Thalassia testudinum) covers much of the bottom in the shallow 
lagoons (Newell et al., 1959; Jacobsen, 1987).   
 In this study I tracked sharks captured from two primary nursery areas at Bimini.  
These included the North Sound (NS) nursery and the South Bimini (SB) nursery.  
Sharks were tracked in 4 major areas around Bimini: the North Sound, Sharkland, the 
Bimini lagoon, and the south coast of South Bimini Island (Figure 3-1).  The North 
Sound is a semi-enclosed area occupying 3 km2 located within the western and eastern 
arms of the island of North Bimini.  The study area off South Bimini comprised 
approximately 8 km of mangrove fringed coastline and 2 km of developed coastline. 
uarterly logMCP of juvenile lemon sharks tracked in Bimini Bahamas as a function 
season and size of individual shark.  For all independent variables the 9d coastline.  The 
Bimini lagoon sits between the islands of North and South Bimini and comprises an area 
  
 
59 
area of approximately 21 km2 (Morrissey and Gruber, 1993a).  The North Sound and 
South Bimini nurseries are distinct in that the Bimini lagoon separates these two nurseries 
from each other.   
 Telemetry Equipment and Active Tracking 
 Methodology for telemetry equipment, shark capture, and active tracking 
followed those presented in Chapter 2.  I only analyzed active tracking data in this 
chapter. 
 We recaptured sharks periodically either in nets set to capture other sharks or 
purposely in order to change transmitters if battery life was short.  By recapturing sharks 
we were able to obtain size measurements for transmittered sharks periodically through 
the study period.  Occasionally if the time period between recaptures was short, we 
recorded the capture of the transmittered shark but did not take measurements in order to 
minimize stress on these sharks and eliminate the risk of affecting their behavior by 
continuously placing them in pens.  
 Data Analysis 
  Distance from Shore   
 I calculated the closest straight line distance in m from each tracking location to 
the shoreline using ArcView 3.2a with the Animal Movements extension (ESRI®, 
Redlands, Ca; Hooge and Eichenlaub, 1997).  I grouped distance from shore by the age of 
the shark to determine if sharks in the nursery areas spent more time further from shore as 
they aged.  I also used capture data to classify each quarter of life with a size estimate of 
total length (TL).  To obtain size estimates, I estimated a growth rate for each shark 
tracked by taking all captures during the tracking period and estimating a growth rate in 
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cm/quarter.  First, I analyzed distance from shore vs. age and distance from shore vs. size 
in each study site using a Spearman rank correlation to determine if older/bigger sharks 
spent more time farther from shore.  Then, I applied a mixed model analysis to each 
dataset with distance from shore as the dependent variable, age and size as fixed effects, 
and shark ID as a random effect. 
  Home Range 
 First, I examined all tracking locations for serial autocorrelation using two 
methods in order to determine a time to independence (TTI). Schoener’s ratio is a 
measure of serial autocorrelation and is represented by the ratio t2/r2 where t2= mean 
squared distance between successive observations and r2= mean squared distance 
between each point and the center of activity.  If t2/r2 is significantly different from 2 then 
the data is autocorrelated.  Swihart and Slade (1997) found that tracking data with 
moderate autocorrelation, 2 > t2/r2 > 1.5, accounted for only a 2% bias in home range 
size.  Thus, I calculated TTI, or a length of sampling interval, for my tracking data where 
the t2/r2 ratio was greater than 1.5 but less than 2.  The second method I used to determine 
serial autocorrelation and a TTI was more biologically based in that it relied on the rate of 
movement for the animal and the maximum distance within its range to calculate a TTI.  
More specifically, I calculated an average rate of movement in m/s for each shark based 
on its tracking locations.  Then, I calculated the longest distance between any two points 
in its range.  The amount of time it would take the shark to traverse the longest distance 
in its range based on the rate of movement for that shark would be the TTI. 
 In order to standardize the telemetry data, I created a dataset to analyze home 
range size based on a combination of short and long term tracking events.  This dataset 
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included all of the tracking locations but I subsampled continuous tracks which allowed 
me to combine these with the short-term , intermittent “searching and locating” tracking 
data.  From these data, I calculated a quarterly home range for each shark that I tracked 
for at least 3 months.  If I conducted a 24 hour continuous track for a shark during the 
quarter in which I calculated a home range, then I took two random points from the track 
separated by at least 12 hours.  This enabled me to eliminate the bias in home range size 
for a quarter in which a 24 hour continuous track was conducted.  From this dataset I 
calculated a quarterly home range for each shark based on its year of birth.  If a shark was 
born in a certain year, then I considered the months of May, June, and July of that year to 
be quarter 1.  I calculated a quarterly home range for each shark as long as it remained in 
the study.   
 I estimated home ranges using two nonparametric home range estimators.  The 
first method I used was a minimum convex polygon (MCP) which estimates home range 
by creating the smallest convex polygon that contains all of the tracking locations (Mohr, 
1947).  This method has been used frequently in home range studies although it has been 
shown to overestimate home range size.  Its use is still widespread as Seaman et al. 
(1999) reported that between 1980 and 1997, 87% of all home range studies published in 
The Journal of Wildlife Management utilized the MCP method.  I used this method to 
allow for comparisons to other home range studies, specifically studies conducted on 
lemon sharks in Bimini (Morrissey and Gruber, 1993a; Sundstrom et al., 2001).  Harris et 
al. (1990) proposed that home range estimates should be calculated using at least 2 
methods, one of which should be the MCP method, because this will allow for 
comparisons between studies.  While the MCP method does have limitations, it does 
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define the range of space use by an animal and it also bypasses the limitations of using a 
kernel method when you have unusable areas such as land in the case of juvenile sharks.  
The bivariate Gaussian method of building a kernel utilization distribution that is used in 
many, current home range studies assumes an infinite space with which to build the 
kernels.  The home range of juvenile lemon sharks in their nursery areas is usually 
constrained by land.  For this reason, I chose a nonparametric method of estimating a 
utilization distribution.  This method, the Least Convex Hull (LoCoH) method was first 
proposed by Getz and Wilmers (2004).  This method is more appropriate than parametric 
kernel methods for constructing home ranges that include areas from which animals are 
blocked or excluded such as land in the case of a shark (Getz et al., 2007).  The LoCoH 
generates a home range by creating convex hulls based on each point of the data and its 
k-1 nearest neighbors.  The union of the total convex hulls for each animal is used to 
estimate the home range size of the individual (Getz and Wilmers, 2004).  This method 
can also create a utilization distribution by ordering the hulls from smallest to largest 
where the smallest hulls will represent more frequently used areas (Getz et al., 2007).
 For quarterly home ranges, I first used a Pearson product moment correlation for 
each home range estimate method vs. age and size.  Then, I used a mixed model analysis 
with age in quarters as the fixed effect and shark ID as a random effect to determine if 
age had a significant effect on home range size.  I repeated this for each of the home 
range estimates with size as the fixed effect to compare the relationship of both age and 
size on home range size.  For each of these analyses, I treated each site separately in 
order to remove any site differences.  I log transformed home range estimates as they 
were not normal.  To characterize the relationship between LoCoH area and age/size 
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within individuals I used a profile analysis for all sharks that had a home range size 
estimate for more than one quarter.  I calculated the slope of the linear regression line 
fitted through the home range size vs. age.  I then determined if these slopes were 
significantly different from zero using a two-tailed t-test.  In this manner, I could examine 
if any differences in home range size were a result of pooling data across individuals. 
 I calculated home range estimates and distances from shore using ArcView 3.2a 
with the Animal Movements extension.  I performed statistical analyses using Stata 9.1 
and SPSS 15.0. 
 
RESULTS 
 General 
 In the South Bimini primary nursery we implanted 16 juvenile sharks with manual 
tracking transmitters between March 2003 and November 2005 (Table 3-2).  These 
sharks ranged from age-0 to age-4 at the time of original capture and included 9 females 
and 7 males.  We obtained a total of 8,594 locations from these 16 sharks over 34 months 
of manual tracking.  In the North Sound primary nursery we implanted 23 juvenile sharks 
with manual tracking transmitters between March 2003 and November 2005 (Table 3-2).  
These sharks ranged from age-0 to age-3 at the time of original capture and included 14 
females and 9 males.  We obtained a total of 5,628 locations from these 23 sharks over 34 
months of manual tracking. 
 Distance from Shore 
 To calculate distances from the shoreline, I used 14 of 16 sharks in the South 
Bimini site and 18 of 23 in the North Sound site.  I excluded seven sharks due to lack of 
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data in the study sites.  In the North Sound, regardless of age or size, >70% of all tracking 
locations were within 150 m of the shoreline (Figure 3-2).  While in the South Bimini 
site, >70% of all tracking locations were within 100 m of the shoreline (Figure 3-3).  In 
the North Sound site, there was a weak positive correlation between size and distance 
from shore using a Spearman rank correlation (ρ = 0.16, p = 0.00).  There was also a 
positive correlation but weaker between age and distance from shore (ρ = 0.08, p = 0.00) 
(Table 3-3; Figure 3-3, 3-4).  In the South Bimini site, there was a weak positive 
correlation between size and distance from shore using a Spearman rank correlation (ρ = 
0.20, p = 0.00).  There was also a positive correlation but slightly weaker between age 
and distance from shore (ρ = 0.16, p = 0.00) (Table 3-3; Figure 3-3, 3-4).  
 Home Range 
 Using Schoener’s ratio, TTI ranged from 30 min to 240 min with independence 
(t2/r2 ≥ 1.5) being obtained for most sharks by 180 min.  The TTI from the maximum 
distance traveled method ranged from 20 min to 180 min with independence being 
obtained for most sharks by 90 min.  I used a conservative TTI of 180 minutes to 
subsample the dataset in order to obtain independent locations for home range estimation. 
 Of the 16 sharks tracked in the South Bimini nursery, I excluded 4 from the home 
range analyses because there were too few tracking locations to obtain an accurate home 
range in any quarter.  Of the 12 analyzed, there were 6 males and 6 females from age 0 to 
age 4.  Of the 23 sharks tracked in the North Sound nursery, I excluded 10 from the home 
range analyses because there were too few tracking locations to estimate a home range 
size for a 3 month period.  Of the 13 analyzed there were 6 males and 7 females from age 
0 to age 3.   
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  MCP 
 Home range size calculated using MCPs for all 12 animals in the South Bimini 
site was 0.97 km2 (1 SE = 0.37; Range = 0.08-16.58 km2).  One shark tracked until age 4 
had a MCP home range size of 16.6 km2 during quarter 18.  This was 13.4 km2 larger 
than any other MCP area.  The mean MCP area for the 12 animals without this point was 
0.61 km2 (1 SE = 0.10; Range = 0.08-3.14 km2).  Home range size calculated using 
MCPs for all 13 animals in the North Sound site was 0.87 km2 (1 SE = 0.12; Range = 
0.14-2.66 km2). 
 Pearson correlations showed a significant positive correlation between logMCP 
area and age in the North Sound site but not size (Table 3-3; Figure 3-5, 3-6).  Mixed 
model analyses with shark ID as a random effect showed similar results with age being 
significant with respect to logMCP area but not size in the North Sound nursery area 
(Age: β=0.04 (SE=0.02), p=0.04; Size: β=0.003 (SE=0.01), p=0.73).  In the South 
Bimini site, Pearson correlations showed a significant positive correlation between 
logMCP area and both age and size (Table 3-3; Figure 3-5, 3-6).  Mixed model analyses 
with shark ID as a random effect showed similar results with age and size being 
significant with respect to logMCP area South Bimini nursery area (Age: β=0.06 
(SE=0.02), p<0.001; Size: β=0.03 (SE=0.01), p<0.001) (Table 3-3; Figure 3-5, 3-6).  
  LoCoH 
 Home range size calculated using the LoCoH method for all 12 animals in the 
South Bimini site was 0.78 km2 (1SE = 0.37; Range = 0.08-16.50 km2).  One shark 
tracked until age 4 had a LoCoH home range size of 16.5 km2 during quarter 18.  This 
was 14.5 km2 larger than any other LoCoH area.  The mean LoCoH area for the 12 
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animals without this point was 0.41 km2 (1 SE = 0.06; Range = 0.08-1.96 km2).  Home 
range size calculated using the LoCoH method for all 13 animals in the North Sound site 
was 0.56 km2 (1 SE = 0.09; Range = 0.10-2.25 km2). 
 Pearson correlations showed a significant positive correlation between LoCoH 
area and age but not size in the North Sound site (Table 3-3, Figure 3-5; 3-6).  Mixed 
model analyses with shark ID as a random effect provided similar results with age being 
significant with respect to logLoCoH area but not size in the North Sound nursery area 
(Age: β=0.06 (SE=0.01), p<0.001; Size: β=0.01 (SE=0.01), p=0.10).  In the South 
Bimini site, Pearson correlations showed a significant positive correlation between 
LoCoH area and both age and size (Table 3-3; Figure 3-5, 3-6).  Mixed model analyses 
with shark ID as a random effect provided similar results with age and size being 
significant with respect to logLoCoH area in the South Bimini nursery area (Age: β=0.05 
(SE=0.01), p=0.001; Size: β=0.03 (SE=0.01), p<0.001).   
 In the North Sound study site, slopes of the regression lines for home ranges of 
individuals tracked longer than one quarter ranged from -0.49 to 0.09 with a mean of -
0.06 (1SE = 0.11).  These slopes were not significantly different from zero using a one 
sample t-test (t[4] = -0.55; p = 0.61) (Figure 3-7, 3-8).  In the South Bimini study site, 
slopes of the regression lines for LoCoH home ranges of individuals tracked longer than 
one quarter ranged from -0.09 to 0.16 with a mean of 0.07 (1SE = 0.03).  These slopes 
were significantly greater than zero using a one sample t-test (t[5] = 2.46; p = 0.04) 
(Figures 3-9, 3-10).   
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DISCUSSION 
 This study was among the first to examine ontogenetic variation in home range 
and movements of individual juvenile sharks in their primary nursery areas.  Juvenile 
lemon sharks in both nurseries studied had small home ranges while young (<1 yr) that 
slowly increased in size as the sharks grew until home range sizes increased substantially 
as they no longer were nursery bound at approximately 4 yrs of age.  Home range sizes in 
the North Sound nursery were similar to home ranges measured in the same nursery area 
previously (Morrissey and Gruber, 1993a).  Home range sizes from the South Bimini 
nursery were consistently smaller than both those in the North Sound nursery and those 
previously reported especially among smaller/younger individuals.  Although in both 
study sites, home range size and number of locations further from shore both increased as 
sharks aged/grew. 
 When pooling individuals, there were clear and consistent differences in both 
home range size and distance from the shoreline by age/size in one nursery area (South 
Bimini) while the second nursery area studied (North Sound) did show a relationship 
between movements and age/size, although this relationship was not as clear.  Also, when 
I examined individual sharks for patterns in movements vs. age/size, there was a 
substanstial amount of variability in the data but, in general, individuals from the South 
Bimini nursery showed a significant positive increase in both estimates of home range 
size with a concurrent increase in body size.  In the North Sound nursery, this 
relationship was not as there was more variability in home range size from stage to stage 
compared to the South Bimini sharks. 
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 Distance from Shore 
 Juvenile lemon sharks in the North Sound nursery have been found previously to 
have home ranges that were narrow and very close to the shoreline (Morrissey and 
Gruber, 1993a).  This is reflected in the current study by the disproportionate amount of 
locations found close to the shoreline.  They also found very few locations (<10%) far 
from shore which is less than the current study.  One aspect of the previous study that 
differed from the current study was that tracking sessions only lasted 6 hours whereas 
tracking sessions in the current study varied from 15 min to 48 h.  The differences in 
sampling regimes may explain the difference in the amount of locations further from 
shore that I found in this study as individual sharks were tracked both continuously and 
intermittently for longer periods of time so more of the longer distance excursions far 
from shore were able to be seen.  
 It has been suggested that sharks use nursery areas to offer pups protection from 
predation and a sufficient food source necessary for growth (Springer, 1967; Branstetter, 
1990).  Morrissey and Gruber (1993b) found that juvenile sharks in the North Sound 
nursery area preferred shallow water potentially as a means to avoid predation.  As sharks 
age and grow they should be at less risk of being predated as larger juveniles should be 
harder for a predator to catch and consume.  The waters in the nursery areas, especially in 
the North Sound nursery, tend to be shallower closer to shore.  Therefore, larger juvenile 
sharks should be more likely to use areas farther from shore as they are less at risk from 
predation.  In this study, I found that there was a highly significant positive correlation 
between both age and size with respect to the shark’s distance from shore in both study 
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sites although this correlation was stronger in the South Bimini nursery area.  This shows 
that as sharks age and grow in their nursery areas, they do venture farther from shore 
suggesting that while young, the mangrove fringed coastline is an important habitat.  
Newman (2003) found an increased dietary overlap of juvenile sharks with prey 
communities close to the mangroves.  This suggests another possibility for juvenile 
sharks remaining near shore as preferred prey may be more abundant near the mangroves. 
 Home Range 
 In many animals, home range size increases as the animal ages especially during 
immature years when growth can be rapid (Makowski, et al., 2005).  Some factors that 
influence the expansion of home range size include increased food demand, searching for 
potential mates, securing a territory, and increased security from predation (Pittman and 
McAlpine, 2003).  This study is one of the first to demonstrate ontogenetic change in 
home range size of individual juvenile sharks in their primary nursery areas.  Home range 
size did increase as these sharks aged but this relationship was much more evident in the 
South Bimini nursery area.  Newman (2003) showed that prey communities in the South 
Bimini study site were more abundant and diverse when compared to the North Sound 
nursery area.  This may be a potential factor in the weaker relationship in body size and 
home range size in the North Sound nursery as sharks from all size classes must travel 
across the entire nursery to find adequate food.  Another possible explanation for the lack 
of a significant relationship between body size and home range size in the North Sound 
nursery is the geography and bathymetry of this nursery.  It is generally shallow and 
almost completely enclosed.  Sharks can and often do traverse from one coastline to the 
opposite coast.  
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 The sharks tracked in the North Sound had quarterly MCP home range sizes 
ranging from 0.14 to 2.66 km2 (mean=0.87 1SE=0.12).  This compares to the MCP areas 
found in previous tracking studies in the North Sound (Morrissey and Gruber, 1993a).  
Morrissey and Gruber (1993a) found a significant positive relationship between body size 
and MCP home range size in the sharks studied.  This relationship has been widely seen 
and documented in many animals living in many different habitats.  I may not have seen 
the relationship between body size and home range size in the North Sound due to low 
sample sizes when examining home range at the individual level.  However, Morrissey 
and Gruber (1993) did not examine individuals and pooled all animals for analysis. 
 The profile analysis of home ranges by size for individual sharks in each nursery 
area showed a high degree in variability between size classes even within individual 
sharks.  Profile analysis for individual sharks showed that in the South Bimini nursery 
area there was a significant positive increase in home range size with age suggesting that 
as sharks age they increase space use.  This could clearly be seen in the shark that I 
tracked up until quarter 18.  By this age, the shark had begun using the secondary nursery 
areas around Bimini and was also found in the North Sound nursery.  This suggests that 
by age 4, juvenile sharks are no longer nursery bound and begin the subadult stage of life 
which coincides with a shift from primary nursery area to secondary nursery area.  Size-
specific habitat shifts have been shown in invertebrates (Vuorinen et al., 1983), fish 
(Mittelbach, 1981; Werner and Hall, 1988; Bystrom et al., 2003), turtles and other 
reptiles (Hart, 1983), and mammals (Dickman, 1992).  These studies demonstrate the 
association between habitat shifts and some threshold size whereby pressure from 
predation is relaxed allowing animals to expand into previously dangerous areas. 
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   The South Bimini nursery area (Figure 3-1) is an open coastline while the North 
Sound nursery area is a semi-enclosed lagoon.  With the open coastline of the South 
Bimini nursery, juvenile sharks may be under a greater risk of predation as it is easier for 
a larger shark to enter this nursery.  A possible reason for the stronger relationship 
between home range size and body size in juvenile sharks in the South Bimini nursery is 
that sharks may be constricted in their movements because of predator pressure.  In 
classic studies on fish behavior, it has been shown how predators can exert significant 
pressures on prey species and severely affect habitat use by restricting prey movements 
(Mittelbach, 1981; Mittelbach, 1986; Olson et al, 1995).  More recently, behaviorally 
mediated indirect interactions have examined this further to show how marine predators 
may not only affect the habitat use of prey species directly but may also create cascade 
effects to other species through indirect interactions (Dill et al., 2003; Heithaus, 2005).  
In the nurseries of Bimini, as juvenile sharks grow and reach a larger body size, they 
should be able to venture further from shore and increase home range size as predation 
pressure decreases. 
 The large amount of variability seen when examining the home ranges of 
individual sharks as they aged/grew contributed to the lack of clear, consistent 
relationship between home range size and age/body size (Figures 3-7 to 3-10).  
Heterogeneity in the environment especially during seasons may be an explanation for 
the large variation in home range size seen within individual animals.  Bimini undergoes 
a wet and a dry season that affects many aspects of the abiotic and biotic environment 
(Newman, 2003).  This may affect movement patterns and home ranges of sharks which 
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could explain why home range sizes may actually decrease as a shark moves from one 
age/size class to the next. 
 Summary 
 Comprehensive tracking of juvenile lemon sharks in two primary nursery areas 
provided a detailed description of their home range and movement patterns as sharks age 
and grow.  There was a significant positive relationship between home range size (using 
two home range estimators) and age/size in almost all instances demonstrating that sharks 
do increase space use as body size increases.  This may be due to a combination of 
factors including an increased energy requirement causing an increase in range to find 
adequate food and/or a decreased amount of predation pressure thereby opening 
previously restricted areas due to elevated predation risk.  
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Table 3-1. Telemetry studies on elasmobranch behavior.  Age class: a = adult, j = juvenile, n = neonate.  Behavior: d = depth, da = 
diel activity, h = homing, hr = home range, hs = habitat selection, m = movement, n = navigation, ss = swimming speed. 
Species Common Name Manual or Automated 
Age 
class 
Number of 
Individuals 
Tracked 
Maximum 
length of 
continuous 
track 
(hours) 
Number of 
days tracked 
intermittently 
Behavior 
studied Reference 
Aetobatus narinari spotted eagle ray manual a        m  Silliman and Gruber 1999 
Carcharhinus 
amblyrhynchos gray reef shark manual  26 50 23 da, m McKibben and Nelson 1986 
  m/a a 4  6 da, m Economakis and Lobel 1998 
    manual   9 72   da, m Nelson and Johnson 1980 
Carcharhinus leucas bull shark manual   4+   11 m  Thorson 1971 
Carcharhinus limbatus blacktip manual  2 43  da, hr Nelson and Johnson 1980 
    automated n 33   159 hs, m Heupel and Hueter 2001 
Carcharhinus 
melanopterus blacktip reef manual   1 42   da, hr Nelson and Johnson 1980 
Carcharhinus plumbeus sandbar manual j 3 11  m Medved and Marshall 1983 
    manual n, j 25 75   hr, m Rechisky and Wetherbee 2003 
Carcharhinus sp.   manual   1 4     Bass and Rascovich 1965 
Carcharodon carcharias white  manual a  1 83  m Carey et al. 1982 
  manual j 1  2 m McCosker 1987 
  manual a 4 12 17 d, m Goldman and Anderson 1999 
  automated a 6  28 d, m Klimley et al. 2001 
  automated a 6  180 d,m Boustany et al. 2002 
    manual j 1 4   d, m Klimley et al. 2002 
Dasyatis lata Hawaiian stingray manual a 7 74   da, m Cartamil et al. 2003 
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Table 3-1. (continued)         
 
Species Common Name 
Manual or 
Automated 
Age 
class 
Number of 
Individuals 
Tracked 
Maximum 
length of 
continuous 
track 
(hours) 
Number of 
days tracked 
intermittently 
Behavior 
studied Reference 
Galeocerdo cuvier tiger manual a 1 48  d, m Tricas 1981 
  manual j, a 8 50 314a d, m Holland et al. 1999 
    manual a 49 13 1 d, hs, m Heithaus et al. 2002 
Hexanchus griseus bluntnose sixgill manual a 2 36 4 d, m Carey and Clark 1995 
Isurus oxyrhinchus shortfin mako manual j, a 4 104   d, m Carey et al. 1981 
  manual     d, m Holts and Bedford 1993 
    manual j 3 39   d, m Klimley et al. 2002 
Megachasma pelagios megamouth manual   1 51   d, m Nelson et al. 1997 
Myliobatis californica California bat ray manual a 11 4 395 d, m Matern et al. 2000 
Negaprion brevirostris lemon manual j, a 9 113  da, m Gruber 1982, Gruber et al. 1988 
  manual j 38 6 153 hr, hs, m Morrissey and Gruber 1993a,b 
  manual j 4 24  m Correia et al. 1995 
  manual j 28 24 433 da, hr, m de Marignac 2000 
    manual j 3 62   ss Sundstrom and Gruber 1998 
Prionace glauca blue manual a 24 136  d, m Carey and Scharold 1990 
  manual j 2 2  d, m Klimley et al. 2002 
    manual a 14 22   da, m Sciarotta and Nelson 1977 
Rhincodon typus whale manual         m Gunn et al. 1999 
Scyliorhinus canicula lesser spotted dogfish manual a 4   6 da, m Sims et al. 2001 
         
  
75
 
Table 3-1. (continued)         
Species Common Name Manual or Automated 
Age 
class 
Number of 
Individuals 
Tracked 
Maximum 
length of 
continuous 
track 
(hours) 
Number of 
days tracked 
intermittently 
Behavior 
studied Reference 
         
Sphyrna lewini scalloped hammerhead manual  13 14 34 m, n Klimley and Nelson 1984 
  automated a 18  10 da, h, m Klimley et al. 1988 
  manual n  6 72 12 m Holland et al. 1992, 1993 
  manual j, a 5   h, m, n Klimley 1993 
  manual j 1 48  ss Lowe et al. 1998 
    manual j 5 57   ss Lowe 2002 
Sphyrna tiburo bonnethead manual j 2 24   ss Parsons and Carlson 1998 
Squatina californica Pacific angel 
shark Manual a 9 25  m Standora and Nelson 1977 
Triaenodon obesus whitetip reef manual   5   10 da, hr Nelson and Johnson 1980 
Triakis semifasciata leopard manual a 6 24 21 da, m Ackerman et al. 2000 
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Table 3-2. Lemon sharks, Negaprion brevirostris, captured and transmittered for manual 
tracking during this study from 2003 to 2005 
Study Site PIT Tag No. 
Shark 
ID 
Transmitter 
Date 
Size at 
Transmitter 
Date (TL) 
Sex 
 
42343D5776 SB1 10-Mar-03 71.5 F 
 
423B656C45 SB2 15-Mar-03 74.1 F 
 
4234557F12 SB3 17-Mar-03 65.6 M 
 
423B717E6F SB4 24-Mar-03 79.8 F 
 
423B044C24 SB5 24-Mar-03 63.2 F 
 
423B065142 SB6 24-Jul-03 73.8 F 
South Bimini 423B420128 SB7 5-Aug-03 75.6 M 
 
41370A2235 SB8 23-Nov-03 80 F 
 
41370B2302 SB9 5-Mar-04 72 F 
 
423B523139 SB10 12-Jul-04 69.8 F 
 
451C5B1B05 SB11 29-Jun-05 71.2 F 
 
4234506D40 SB12 23-Jul-05 73.2 M 
 
411C2D607A SB13 3-Aug-05 65.4 M 
 
44565E7246 SB14 18-Sep-05 70 M 
 
452E33786B SB15 16-Nov-05 69.8 M 
 
454B236B7C SB16 26-Nov-05 70.1 M 
 
          
 
411C313A38 NS1 2-Apr-03 70 F 
 
411C300B72 NS2 2-Apr-03 74.8 F 
 
411C3A325A NS3 2-Apr-03 71.4 M 
 
423B416C5E NS4 2-Apr-03 69.1 M 
 
411C324613 NS5 25-Jul-03 75 F 
 
4234490149 NS6 21-Oct-03 71.2 F 
 
42344D0903 NS7 11-Feb-04 70 M 
 
4234473605 NS8 11-Feb-04 73 F 
 
445D4F1473 NS9 20-Jul-04 62.4 F 
North Sound 4234485540 NS10 20-Jul-04 64.4 M 
 
44556E530E NS11 20-Jul-04 63.8 M 
 
4455632A20 NS12 20-Jul-04 61.2 F 
 
445D083D0B NS13 20-Jul-04 73.6 F 
 
445C707F6F NS14 20-Jul-04 62.6 M 
 
4456423208 NS15 20-Jul-04 62.7 F 
 
4456556511 NS16 20-Jul-04 64 M 
 
44556A562C NS17 20-Jul-04 71.2 F 
 
423B512017 NS18 31-Jan-05 77.5 F 
 
44557D1839 NS19 31-Jan-05 67.4 M 
 
445867006F NS20 19-Feb-05 63.4 M 
 
423B6D6577 NS21 19-Feb-05 83 F 
 
411C483130 NS22 24-Mar-05 71.2 M 
  
44565A6B51 NS23 24-Mar-05 65.8 F 
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Table 3-3. Pearson product moment correlations for measures of home range and 
Spearman rank correlation for distance from shore vs. age and size for both study sites.  
NS = North Sound; SB = South Bimini 
 
 
Site Measure Coefficient Significance Coefficient Signficance
NS
logMCP 0.46* 0.014 0.11 0.58
logLoCoH 0.64** <0.001 0.32 0.09
Distance from Shore 0.08** <0.001 0.16** <0.001
SB
logMCP 0.52** <0.001 0.65** <0.001
logLoCoH 0.49** 0.001 0.64** <0.001
Distance from Shore 0.16** <0.001 0.20** <0.001
Age Size
 
 
* denotes significance at a 0.05 level 
** denotes significance at a 0.01 level 
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Figure 3-1. Map of Bimini Islands showing the 2 primary nurseries studied: the 
North Sound and the South Bimini coastline along with the primary nursery adjacent to 
the North Sound nursery: Sharkland. 
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Figure 3-2. Proportions of manual tracking locations in the North Sound nursery area by distance from shore grouped in 50 m 
increments.  Sharks are grouped by size in panel A and by age in quarters in panel B.
A 
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Figure 3-2. (Continued) 
B 
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Figure 3-3.  Proportions of manual tracking locations in the South Bimini nursery area by distance from shore grouped in 50 
m increments.  Sharks are grouped by size in panel A and by age in quarters in panel B.
A 
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Figure 3-3. (Continued) 
B 
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Figure 3-4. Mean distance from shoreline for all sharks in both study sites.  Closed circles represent North Sound sharks and open 
triangles represent South Bimini sharks.  Error bars are ±1 SE.
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Figure 3-5. The quarterly home range size estimates for sharks vs. age in quarters in 
the North Sound nursery (A) and the South Bimini nursery (B) calculated using the 
minimum convex polygon method (MCP; shown in open triangles) and the least 
convex hulls method (LoCoH; shown in filled circles).  These data represent sharks 
tracked during all years of the study (2003-2005) with greater than 3 months of data.  
Lines represent best fit linear regressions.
A 
B 
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Figure 3-6. The quarterly home range size estimates for sharks vs. size in the North 
Sound nursery (A) and the South Bimini nursery (B) calculated using the minimum 
convex polygon method (MCP; shown in open triangles) and the least convex hulls 
method (LoCoH; shown in filled circles).  These data represent sharks tracked during 
all years of the study (2003-2005) with greater than 3 months of data.  Lines represent 
best fit linear regression
A 
B 
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Figure 3-7. Estimates of home range size vs. age in the North Sound study site for 
individual sharks tracked longer than one quarter.  Age is quarter of life with quarter 
1 being May, June, and July at age 0.  Slopes calculated from best fit linear regression 
lines were not significantly different from zero (t-test).
  
87 
 
 
 
 
Figure 3-8. Estimates of home range size vs. size in the North Sound study site for 
individual sharks tracked longer than one quarter.  Size estimates based on growth 
rates calculated from recaptures during the tracking period.  Slopes calculated from best 
fit linear regression lines were not significantly different from zero (t-test).
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Figure 3-9. Estimates of home range size vs. age in the South Bimini study site for 
individual sharks tracked longer than one quarter.  Age is quarter of life with quarter 
1 being May, June, and July at age 0.  Slopes calculated from best fit linear regression 
lines were significantly different from zero (t-test). 
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Figure 3-10. Estimates of home range size vs. size in the South Bimini study site for 
individual sharks tracked longer than one quarter.  Size estimates based on growth 
rates calculated from recaptures during the tracking period.  Slopes calculated from best 
fit linear regression lines were significantly different from zero (t-test). 
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Chapter 4: Spatial and temporal variability of juvenile lemon shark (Negaprion 
brevirostris) movements in their primary nursery areas 
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ABSTRACT 
 A comprehensive understanding of animal movements on a spatial and temporal 
scale can help to provide a link between behavioral ecology and life history.  This 
knowledge is also a necessary requirement for designing effective conservation and 
management strategies.  Studies examining movement patterns of individuals over a long 
time scale are useful in elucidating spatial and temporal variation in space use.  Using 
long-term continuous and intermittent telemetry of nursery bound juvenile lemon sharks, 
I evaluated movement patterns in two separate nursery areas in Bimini, Bahamas from 
March 2003 to February 2006.  I analyzed two types of movement parameters, home 
range size and distance from shore, to examine spatial and temporal variation.  Home 
range sizes measured with the minimum convex polygon (MCP) method and the least 
convex hull (LoCoH) method were significantly greater in one nursery (MCP: 0.87 km2; 
LoCoH: 0.56 km2) when compared to the other nursery area (MCP: 0.61 km2; LoCoH: 
0.41 km2).  This pattern was also seen in distances from shore as sharks from one nursery 
area (Distance from shore: 100 m) spent significantly more time further from shore when 
compared to the other nursery (Distance from shore: 50 m).  There was substantial spatial 
variation in both physical and biological factors between study sites which may explain 
the differences in home range size and the distances from shore.  There were also 
significant seasonal differences in home range size and distance from shore within each 
nursery area studied.  In most cases, the months of February, March, and April had 
greater home ranges and greater distances from shore.  The seasonal variation in 
movement parameters may be related to seasonal differences in the physical and 
biological environment.  Over a diel scale, sharks from one nursery area spent more time 
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further from shore during the daylight and dusk hours while in the other nursery, sharks 
spent more time further from shore during the dusk and nighttime hours.  These results 
suggest that sharks may be more active around dusk potentially in search of food as 
studies have shown that lemon sharks are crepuscular.  The results of this study 
demonstrate that there is significant spatial and temporal variation in movement patterns 
and thus, short-term studies of movement patterns of sharks in nursery areas may not be 
adequate to fully describe their spatial ecology. 
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INTRODUCTION 
 Space Use and Movements 
 Obtaining a thorough knowledge of animal ecology and designing effective 
conservation strategies requires a comprehensive understanding of patterns of movements 
over a spatial and temporal scale (Pittman and McAlpine, 2003).  Giving life history 
information a spatial and temporal context requires a detailed understanding of how 
mobile animals utilize their environments (Levin, 1992).  Studying an animal’s behavior 
over a long time can reveal new insights that may not be evident over a shorter time 
scale.  How an animal uses its space over a diel cycle, a month, a season or a year gives 
new information allowing for a more thorough understanding of the biology and ecology 
of the animal. 
 Elasmobranch Movements 
 Knowledge of movements and behavior are integral components in the study of 
elasmobranch biology and ecology and the development of telemetry technology allowed 
new insights into these areas.  Bass and Rascovich (1965) were among the first to use 
acoustic telemetry to monitor movements.  Since then there have been numerous studies 
of elasmobranchs employing tracking technology to examine various aspects of their 
ecology such as nursery delineation, home range determination, migration patterns, 
homing behavior, and habitat selection (Table 4-1).  Much of the early work using 
telemetry employed manual tracking whereby sharks were followed in a boat from a 
distance using a hydrophone and receiver (e.g. Standora and Nelson, 1977; Holland et al., 
1992).  Recently, improvements of telemetry technology have led to the increased usage 
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of automated receivers whereby sharks can be tracked continuously without the 
presence/influence of the researcher (i.e. Heupel and Hueter, 2001; Klimley et al., 2001).  
 Despite the various studies on shark movements, few have compared juvenile 
shark space use patterns from multiple nursery areas simultaneously.  Differences in 
home range sizes and other movement parameters between nursery areas may reflect 
important differences in habitat type and quality.  
 Lemon Shark movements 
Lemon sharks, as with many other shallow water or coastal sharks, use nursery 
areas during their early years of life (Branstetter, 1990; Castro, 1993).  Studies suggest 
that nursery areas are chosen because of low predation rates, high abundances of prey, 
and suitable habitat (Branstetter, 1990; Rountree and Able, 1996).  Mortality rates in 
sharks during their early years can be high, as high as 64% mortality in the first year for 
lemon sharks (Manire and Gruber, 1993).  The major predator for juvenile sharks in the 
nursery areas is larger conspecifics (pers. obs.; Gruber, pers. comm.).  Gruber et al. 
(2001) found that annual survival rates for juvenile lemon sharks varied between 39% 
and 65%.  Thus, lemon sharks experience high mortality rates as juveniles especially 
during their first year of life.   
 The movement patterns and activities of juvenile lemon sharks have been studied 
by Gruber et al. (1988), Morrissey and Gruber (1993a and b), de Marignac (2000), and 
Sundstrom et al. ( 2001) among others.  In the nursery areas around Bimini, Bahamas, 
juvenile lemon sharks are crepuscular or nocturnal and highly site attached.  Nursery 
bound juvenile lemon sharks in the North Sound of Bimini have small activity spaces 
located near the mangrove fringe.  A previous study of habitat selection found that 
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juvenile lemon sharks select shallower, warmer water with underlying rock or sand 
substrates in the North Sound nursery area (Morrissey and Gruber 1993b) possibly as a 
means of predator avoidance.    
 Lemon shark Biology 
The lemon shark (Negaprion brevirostris, Poey 1868) is a coastal shark that 
ranges from New Jersey to southern Brazil in the western Atlantic, from the Gulf of 
California to Ecuador in the eastern Pacific, and off West Africa in the eastern Atlantic.  
Lemon sharks are viviparous and females enter shallow water in late spring or early 
summer to give birth to 4-17 pups ranging from 45-60 cm total length (Compagno, 1984).  
Females alternate between giving birth in one year and mating during the next year 
(Feldheim et al., 2002).  Lemon sharks exhibit slow growth rates, 3.3 to 22 cm/yr (Gruber 
and Stout, 1983) due to slow digestion rates (Wetherbee and Gruber, 1990; Cortes and 
Gruber, 1992) and reach maturity at approximately 230 cm total length, which is attained 
at 11 to 13 years of age (Brown and Gruber, 1988). 
In Bimini, Bahamas lemon sharks are born in the primary nursery areas in April 
and May of each year and remain there for the first 3-5 years of life.  At this point they 
leave the nursery areas but do not leave Bimini.  For an additional 5-8 years they remain 
in the waters around Bimini until they reach sexual maturity at a size of 230-260 cm, and 
then they leave.  Females will return every other year to give birth and males may 
occasionally return for short periods of time (Feldheim et al., 2002). 
 Objectives 
 The primary objective of this study was to examine movement patterns of juvenile 
lemon sharks from 2 study sites to determine if there was spatial and/or temporal 
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variation in movements.  This is important in elucidating how local environment may 
affect movement patterns and also diel and seasonal activity patterns of elasmobranchs.  
There are few studies that have tracked elasmobranchs extensively over a long period of 
time in two separate but nearby nursery areas.  The hypotheses tested include: 
1) Juvenile lemon sharks of the same age from two separate nursery areas had similar 
movement patterns.  2) There was no seasonal effect on movement patterns of juvenile 
lemon sharks.  3) There was no diel pattern in the movements of juvenile lemon sharks. 
 
MATERIALS AND METHODS 
 Study Sites 
 I conducted this study at Bimini, Bahamas, a small group of islands located on the 
western edge of the Great Bahamas Bank.  Bimini is located 86 kilometers east of Miami, 
Florida at 25°44′ North and 79°16′ West.  The waters surrounding the islands are 
generally shallow (< 3 m), the coastline consists primarily of red mangrove (Rhizophora 
mangle) and turtle grass (Thalassia testudinum) covers much of the bottom in the shallow 
lagoons (Newell et al. 1959; Jacobsen, 1987).   
 In this study I tracked sharks captured from two primary nursery areas at Bimini.  
These included the North Sound (NS) nursery and the South Bimini (SB) nursery.  
Sharks used 4 major areas around Bimini: the North Sound, Sharkland, the Bimini 
lagoon, and the south coast of South Bimini Island (Figure 4-1).  The North Sound was a 
semi enclosed area occupying 3 km2 located within the western and eastern arms of the 
island of North Bimini.  The study area off South Bimini comprised approximately 8 km 
of mangrove fringed coastline and 2 km of developed coastline. Sharkland was a primary 
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nursery area located between the North Sound and the Bimini lagoon.  It comprised 
approximately 5 km of mangrove fringed coastline.  The Bimini lagoon was between the 
islands of North and South Bimini and comprised an area of approximately 21 km2 
(Morrissey and Gruber, 1993).  The North Sound and South Bimini nurseries were 
distinct in that the Bimini lagoon separates these two nurseries from each other.  The two 
primary nursery areas from which I examined sharks during this study were the North 
Sound and South Bimini nurseries.  
 Telemetry Equipment and Active Tracking 
 Methodology for telemetry equipment, shark capture, and active tracking 
followed those presented in Chapter 2.  I only analyzed active tracking data in this 
chapter. 
 We recaptured sharks periodically either in nets set to capture other sharks or 
purposely in order to change transmitters if battery life was short.  By recapturing sharks 
we were able to obtain size measurements for transmittered sharks periodically through 
the study period.  Occasionally if the time period between recaptures was short, we 
recorded the capture of the transmittered shark but did not take measurements in order to 
minimize stress on these sharks and eliminate the risk of affecting their behavior by 
continuously placing them in pens.  
 Data Analysis 
  Home Range 
 First, I examined all tracking locations for serial autocorrelation using two 
methods in order to determine a time to independence (TTI). Schoener’s ratio is a 
measure of serial autocorrelation and is represented by the ratio t2/r2 where t2= mean 
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squared distance between successive observation and r2 = mean squared distance between 
each point and the center of activity.  If t2/r2 is significantly different from 2 then the data 
is autocorrelated.  Swihart and Slade (1997) found that tracking data with moderate 
autocorrelation, 2 > t2/r2 > 1.5, accounted for only a 2% bias in home range size.  Thus, I 
calculated TTI, or a length of sampling interval, for my tracking data where the t2/r2 ratio 
was greater than 1.5.  The second method I used to determine serial autocorrelation and a 
TTI was more biologically based in that it relied on the rate of movement for the animal 
and the maximum distance within its range to calculate a TTI.  More specifically, I 
calculated an average rate of movement in m/s for each shark based on its tracking 
locations.  Then, I calculated the longest distance between any two points in its range.  
The amount of time it would take the shark to traverse the longest distance in its range 
based on the rate of movement for that shark would be the TTI. 
 In order to standardize the telemetry data, I subsampled continuous tracks which 
allowed me to combine these with the “searching and locating” data and would not bias 
the dataset because of sharks that had 24 hour continuous tracks.  From these data, I 
calculated a home range for each shark that I tracked for at least 3 months.  If I conducted 
a 24 hour continuous track for a shark during the quarter in which I calculated a home 
range, then I took two random points from the track separated by at least 12 hours.  This 
enabled me to eliminate the bias in home range size for sharks in which a 24 hour 
continuous track was conducted.   
 I estimated home ranges using two nonparametric home range estimators.  The 
first method I used was a minimum convex polygon (MCP) which estimated home range 
by creating the smallest convex polygon that contains all of the tracking locations (Mohr, 
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1947).  This method is frequently in home range studies although it overestimates home 
range size.  I used this method to allow for comparisons to other home range studies, 
specifically studies conducted on lemon sharks in Bimini (Morrissey and Gruber, 1993; 
Sundstrom et al., 2001).  While the MCP method does have limitations, it defines the 
range of space use by an animal and it also bypasses the limitations of using a kernel 
method when you have unusable areas such as land in the case of juvenile sharks.  The 
bivariate Gaussian method of building a kernel utilization distribution that is used in 
many current home range studies assumes an infinite space with which to build the 
kernels.  The home range of juvenile lemon sharks in their nursery areas is usually 
constrained by land.  For this reason, I chose a nonparametric method of estimating a 
utilization distribution.  This method, the Least Convex Hull (LoCoH) method was first 
proposed by Wetz and Gilmers (2004).  This method is more appropriate than parametric 
kernel methods for constructing home ranges that include areas from which animals are 
blocked or excluded such as land in the case of a shark (Getz et al., 2007).  The LoCoH 
generates a home range by creating convex hulls based on each point of the data and its 
k-1 nearest neighbors.  The union of the total convex hulls for each animal is used to 
estimate the home range size of the individual (Getz and Wilmers, 2004).  This method 
can also create a utilization distribution by ordering the hulls from smallest to largest 
where the smallest hulls will represent more frequently used areas (Getz et al., 2007). 
 For quarterly home ranges I employed mixed model analyses to test for spatial 
and temporal variation in movements.  For spatial differences, I created 2 models with 
home range size (MCP & LoCoH) as the dependent variable, site as a factor, shark ID as 
a random effect and size as a covariate in the model.  To examine temporal variation, I 
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created 2 models with home range size (MCP & LoCoH) as the dependent variable, 
season and site as factors, and size as a covariate in the model.  I log-transformed all 
home range estimates before statistical analyses to achieve normality. 
 Distance from Shore   
 I calculated the closest straight line distance in m from each shark location to the 
shoreline using ArcView 3.2a with the Animal Movements extension (ESRI®, Redlands, 
Ca; Hooge and Eichenlaub, 1997).  I grouped distance from shore by the age and size of 
the shark to account for variation in the data due to age/size differences.  To obtain size 
estimates, I estimated a growth rate for each shark tracked by taking all recaptures during 
the tracking period and estimating a growth rate in cm/quarter.  To determine if sharks in 
the South Bimini nursery area spent more time close to shore compared to sharks of the 
same age and size in the North Sound nursery area, I analyzed distance from shore vs. 
study site using a mixed model with distance from shore as the dependent variable and 
site and study site as effects.  To examine seasonality I divided the year into four 3-month 
intervals which corresponded with the quarters used to estimate age of the sharks.  I used 
a Kruskal-Wallis analysis on ranks to determine if there were seasonal differences in 
distance from shore.  To test for differences in distance from shore over a diel cycle, I 
analyzed distance from shore vs. time of day using a Kruskal-Wallis analysis on ranks 
and to determine how diel periods differed.  I used a Monte Carlo approximation with a 
99% confidence level based on 10,000 samples within the Kruskal-Wallis analysis for 
tests on distance from shore vs. season and time of day. 
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RESULTS 
 General 
 In the South Bimini primary nursery we implanted 16 juvenile sharks with manual 
tracking transmitters between March 2003 and November 2005 (Table 4-2).  These 
sharks ranged from age-0 to age-4 at the time of original capture and included 9 females 
and 7 males.  We obtained a total of 8,594 locations from these 16 sharks over 34 months 
of manual tracking.  In the North Sound primary nursery we implanted 23 juvenile sharks 
with manual tracking transmitters between March 2003 and November 2005 (Table 4-2).  
These sharks ranged from age-0 to age-3 at the time of original capture and included 14 
females and 9 males.  We obtained a total of 5,628 locations from these 23 sharks over 34 
months of manual tracking. 
 Spatial and Temporal Variation in Home Range  
 Using Schoener’s ratio, TTI ranged from 30 min to 240 min with independence 
(t2/r2 ≥ 1.5) being obtained for most sharks by 180 min.  The TTI from the maximum 
distance traveled method ranged from 20 min to 180 min with independence being 
obtained for most sharks by 90 min.  I used a conservative TTI of 180 minutes to 
subsample the dataset in order to obtain independent locations for home range estimation. 
 Of the 16 sharks tracked in the South Bimini nursery, I excluded 4 from the home 
range analyses because there were too few tracking locations to obtain an accurate home 
range in any quarter.  Of the 12 analyzed, there were 6 males and 6 females from age 0 to 
age 4.  Of the 23 sharks tracked in the North Sound nursery, I excluded 10 from the home 
range analyses because there were too few tracking locations to estimate a home range 
size for a 3 month period.  Of the 13 analyzed there were 6 males and 7 females from age 
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0 to age 3.  Sharks shifted from one age class to the next if they were tracked for longer 
than one quarter.  All home range estimates were log transformed to achieve normality 
for statistical analyses.    
MCP by Site 
 Home range size calculated using MCPs for all 12 animals in the South Bimini 
site was 0.968 km2 (1 SE = 0.368; Range = 0.08-16.58 km2).  These included 3 quarters 
for one shark that I tracked through age 4.  This shark was >13 cm larger than any shark 
tracked in the North Sound study site and approximately one year older.  The mean MCP 
area for the 12 animals excluding those outliers was 0.614 km2 (1 SE = 0.101; Range = 
0.08-3.14 km2).  Home range size calculated using MCPs for all 13 animals in the North 
Sound site was 0.866 km2 (1 SE = 0.120; Range = 0.14-2.66 km2). 
 Juvenile lemon sharks in the North Sound nursery area had significantly greater 
MCP areas than sharks from South Bimini (Table 4-3; Figure 4-2).   In the mixed model, 
both site and size had a significant effect (t = 3.44, p = 0.004; t = 2.17, p = 0.036).   
  LoCoH by Site 
 Home range size calculated using the LoCoH method for all 12 animals in the 
South Bimini site was 0.781 km2 (1SE = 0.370; Range = 0.08-16.50 km2).  Mean LoCoH 
area was 0.415 km2 (1 SE = 0.061; Range = 0.08-1.96 km2) with outliers removed.  
Home range size calculated using the LoCoH method for all 13 animals in the North 
Sound site was 0.564 km2 (1 SE = 0.091; Range = 0.10-2.25 km2). 
 Juvenile lemon sharks in the North Sound nursery area had greater LoCoH areas 
than sharks from South Bimini (Table 4-4; Figure 4-3).   A oneway ANOVA with 
logLoCoH as the dependent variable and site as the independent variable showed a 
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significant difference between sites (F=4.02, p=0.049).  In the mixed model, size was 
significant with respect to logLoCoH area (t=2.23, p=0.033) but site was not significant 
(t=0.33, p=0.729). 
  MCP by Season 
 To test for seasonality in home range size I divided the year into four 3-month 
intervals.  These also corresponded with the quarters that I used to estimate age of the 
sharks.  Seasons ranged from May to July (Season 1), August to October (Season 2), 
November to January (Season 3), and February to April (Season 4).   
 Home range size calculated using the MCP method for seasonal home ranges in 
the South Bimini study site was 0.81 km2 (1 SE = 0.23; Range = 0.14-2.69 km2) in 
Season 1, 0.66 km2 (1 SE = 0.15; Range = 0.095-1.74 km2) in Season 2, 0.43 km2 (1 SE = 
0.08; Range = 0.12-0.91 km2) in Season 3, and 0.57 km2 (1 SE = 0.30; Range = 0.08-
3.14) in Season 4.   A mixed model with logMCP as the dependent variable, season as a 
fixed factor, size as a fixed covariate, shark ID as a random effect, and quarter as a 
repeated measure showed a significant effect of both size and season (Table 4-5; Figure 
4-4).  
 Home range size calculated using the MCP method for seasonal home ranges in 
the North Sound study site was 0.60 km2 (1 SE = 0.15; Range = 0.14-1.42 km2) in Season 
1, 0.75 km2 (1 SE = 0.20; Range = 0.22-1.51 km2) in Season 2, 0.66 km2 (1 SE = 0.09; 
Range = 0.29-0.90 km2) in Season 3, and 1.14 km2 (1 SE = 0.28; Range = 0.32-2.61) in 
Season 4.   A mixed model with logMCP as the dependent variable, season as a fixed 
factor, size as a fixed covariate, shark ID as a random effect, and quarter as a repeated 
measure showed no significant effects of size or season (Table 4-5; Figure 4-5). 
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  LoCoH by Season 
 Home range size calculated using the LoCoH method for seasonal home ranges in 
the South Bimini study site was 0.45 km2 (1 SE = 0.11; Range = 0.09-1.43 km2) in 
Season 1, 0.50 km2 (1 SE = 0.11; Range = 0.19-1.36 km2) in Season 2, 0.29 km2 (1 SE = 
0.06; Range = 0.12-0.70 km2) in Season 3, and 0.43 km2 (1 SE = 0.19; Range = 0.08-
1.96) in Season 4.   A mixed model with logLoCoH as the dependent variable, season as 
a fixed factor, size as a fixed covariate, shark ID as a random effect, and quarter as a 
repeated measure showed a significant effect of both size and season (Table 4-6; Figure 
4-6).  
 Home range size calculated using the LoCoH method for seasonal home ranges in 
the North Sound study site was 0.39 km2 (1 SE = 0.09; Range = 0.10-0.88 km2) in Season 
1, 0.39 km2 (1 SE = 0.11; Range = 0.14-0.88 km2) in Season 2, 0.52 km2 (1 SE = 0.10; 
Range = 0.22-0.88 km2) in Season 3, and 0.94 km2 (1 SE = 0.23; Range = 0.14-2.25) in 
Season 4.   A mixed model with logLoCoH as the dependent variable, season as a fixed 
factor, size as a fixed covariate, shark ID as a random effect, and quarter as a repeated 
measure showed no significant effects of size or season except during season 1 (May – 
July) where logLoCoH home range sizes were significantly smaller (Table 4-6; Figure 4-
7).   
 Spatial and Temporal Variation in Distance from Shore 
  Distance from Shore by Site 
 Of the 16 sharks tracked in the South Bimini nursery, I excluded 2 from the 
analyses as there were not enough tracking data to represent distances from shore.  
Average distance from shore for sharks tracked in the South Bimini nursery area was 50 
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m (1SE = 0.77; Range = 0.00 – 1030).  Of the 23 sharks tracked in the North Sound 
nursery, I excluded 6 from the distance from shore analyses as there were not enough 
locations to accurately assess distances from shore.  Average distance from shore for 
sharks tracked in the North Sound nursery was 100 m (1SE = 1.50; Range = 0.00 – 590). 
 A mixed model with distance as the dependent variable, site as a fixed factor, size 
as a fixed covariate, and shark ID as a random effect showed a significant difference 
between study sites (F(1,10,31)= 19.88, p<0.001). (Figure 4-8).  A nonparametric Mann-
Whitney U exact test also showed a significant difference between sites with the North 
Sound sharks having a greater distance from shore (p<0.001). 
  Distance from Shore by Season 
 I examined seasonality by using the same division of the year into seasons as I did 
in the home range analyses.  Distance from shore in each season for all sharks in the 
South Bimini nursery was 50 m (1SE = 1.40; Range =0-720) in Season 1, 50 m (1SE = 
1.47; Range =0-920) in Season 2, 50 m (1SE = 1.75; Range =0.00-1030) in Season 3, and 
60 m (1SE = 1.54; Range=0.00-430) in Season 4 (Figure 4-9).   
 A oneway ANOVA with distance as the dependent variable and season as the 
independent variable with Bonferroni post-hoc tests showed that season 4 (February – 
April) had significantly greater distances from shore than each of the other seasons.  I 
also used a Dunnett T3 post-hoc test which does not assume equal variances and it also 
showed that only season 4 was significant when compared to each of the other seasons.  
A mixed model with distance as the dependent variable, season as a fixed effect, shark ID 
as a random effect, and size as a covariate showed no significant difference in season but 
there was a significant difference in the interaction between shark ID and season.  
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 Distance from shore in each season for all sharks in the North Sound nursery was 
90 m (1SE = 3.11; Range =0.00 – 560) in Season 1, 80 m (1SE = 2.79; Range =0.00 – 
585) in Season 2, 100 m (1SE = 3.35; Range =0.00-570) in Season 3, and 110 m (1SE = 
2.65; Range =0.00-580) in Season 4 (Figure 4-10).  A oneway ANOVA with distance as 
the dependent variable and season as the independent variable with Bonferroni post-hoc 
tests showed that season 4 (February – April) had significantly greater distances from 
shore than each of the other seasons.  I also used a Dunnett T3 post-hoc test which does 
not assume equal variances and it showed that distances from shore were significantly 
greater during seasons 3 (November – January) and 4 (February – April) when compared 
to each seasons 1 (May – July) and 2 (August – October).  Also, distances from shore 
during season 4 (February – April) was greater than season 3 (November – January).  A 
mixed model with distance as the dependent variable, season as a fixed effect, shark ID 
as a random effect, and size as a covariate showed no significant difference in season but 
there was a significant difference in the interaction between shark ID and season.  
  Distance from Shore by Time of Day 
 In order to examine distance from shore by time of day, I separated a full daily 
cycle into dawn (5:00 – 7:59), day (8:00 – 16:59), dusk (17:00 – 19:59), and night (20:00 
– 4:59).  I also recalculated the analysis using 24 one-hour intervals to ensure that results 
were not skewed by selection of time periods.  To eliminate sample size bias, I only 
included 24 hour continuous tracks in these analyses because including all tracking data 
skewed the number of data points to the daytime hours.   
 In the South Bimini study site, there was a mean sample size of 51.5 for each hour 
of the diel cycle.  The median distance from shore for all 24-hour tracks was 20 m (IQR = 
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40).  When divided into diel periods, the median distances from shore for dawn, day, 
dusk, and night were 10 m, 30 m, 20 m, and 10 m respectively (Figure 4-12). 
 I used a Kruskal-Wallis non-parametric test to examine differences in diel 
periods.  To calculate significance I used a Monte Carlo method with a confidence level 
of 99% calculated with 10,000 iterations.  There was a significant difference in distance 
from shore among diel periods (χ23 = 238.96; sig = 0.000).  Dividing the data into 24 one-
hour periods also showed a significant difference in distance from shore (χ223 = 307.55; 
sig. = 0.000).  To examine specifically which times of day were spent further from shore, 
I used Mann-Whitney U tests for each pair of periods (Table 4-7).  Results showed that 
distance from shore during the day was significantly greater than any other period, 
distance from shore during dusk was significantly greater than night and dawn, while 
distance from shore during night and dawn were not significantly different from each 
other. 
 In the North Sound study site, there was a mean sample size of 138.8 for each 
hour of the diel cycle.  The median distance from shore for all locations during 24 hour 
tracks was 50 m (IQR = 130).  When divided into diel periods, the median distances from 
shore for dawn, day, dusk, and night were 40 m, 40 m, 60 m, and 100 m respectively 
(Figure 4-13).  Using the Kruskal-Wallis test with Monte Carlo iterations to calculate 
significance level there was a significant difference in distance from shore among diel 
periods (χ23 = 215.51; sig = 0.000).  Dividing the data into 24 one-hour periods also 
showed a significant difference in distance from shore (χ223 = 309.81; sig. = 0.000).  To 
examine specifically which times of day were spent further from shore, I used Mann-
Whitney U tests for each pair of periods (Table 4-8).  Results showed that distance from 
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shore during the night was significantly greater than any other period, distance from 
shore during dusk was significantly greater than day and dawn, while distance from shore 
during day and dawn were not significantly different from each other. 
 
DISCUSSION 
 Movement patterns of juvenile lemon sharks in their primary nursery areas 
showed both spatial and temporal variation.  This study expanded previous knowledge on 
the behavior of juvenile lemon sharks in their primary nursery areas by giving insight into 
how movement patterns change over space and time. 
 Spatial and Temporal Variation in Home Range Size 
 The MCP home range sizes calculated here were similar to those reported from 
previous studies of juvenile lemon sharks in the North Sound nursery.  Morrissey and 
Gruber (1993) studied juvenile lemon sharks in the North Sound nursery and found that 
MCP home range area was 0.68 km2 (Range = 0.23-1.26).  This is slightly lower than the 
0.87 km2 reported in this study.  The difference in reported home range sizes may be due 
to the sample sizes in each study as the MCP home range estimate is sensitive to sample 
size and sampling interval. 
 Sharks in the North Sound nursery area had larger home ranges than sharks in the 
South Bimini nursery area.  This was true using both methods of home range estimation 
(MCP & LoCoH) and also when including size as a covariate in the model.  These 
differences are due to various causes.  Sharks in the North Sound nursery area have 
slower growth rates than sharks in the South Bimini nursery area (pers. obs.; DiBattista et 
al., 2006).  Therefore, a certain sized juvenile shark in the North Sound nursery area will 
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be older than a similar sized shark in the South Bimini nursery area.  Experience or age 
may influence home range size although I found that the size of the shark had a stronger 
effect on home range area than age of the shark (Chapter 3).   Another possibility for the 
difference in home range area may be the geography and/or bathymetry of the nursery 
areas.  The North Sound nursery is a semi-enclosed bay while the South Bimini nursery is 
an open coastline (Figure 1-1).  Sharks in the North Sound are able and often do travel 
across the nursery area from one coastline to the opposite coastline as there is only a 
maximum distance of 1 km between coasts.  Further, the waters in the North Sound 
nursery are generally shallow and can be less than 1 m in the center of the nursery 
(Morrissey and Gruber, 1993; Newman, 2004).  Conversely, the South Bimini nursery is 
open and generally deeper when compared to the North Sound.  Therefore, sharks in the 
North Sound may have larger home range areas because there is a larger area potentially 
available to them.  Morrissey and Gruber (1993) found that sharks in the North Sound 
preferred warm, shallow water potentially as a means of predator avoidance.  If the North 
Sound is shallower than the South Bimini nursery, then sharks in the South Bimini 
nursery may have to constrain their home ranges to reduce predation risk.  A third reason 
for the difference in home range size may be related to biological differences between the 
nursery areas.  The North Sound is shallow and has a restricted tidal flow resulting in a 
less stable environment with respect to abiotic properties such as temperature, salinity, 
and dissolved oxygen.  Newman (2003) suggested that sharks in the North Sound may be 
less selective predators due to lower prey availability and more unstable environmental 
conditions when compared to the South Bimini nursery.  For these reasons, sharks in the 
North Sound may be forced to have larger home ranges in order to find adequate food in 
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a scarcer environment or to find suitable habitat in terms of abiotic factors.  The apparent 
geographic and ecological heterogeneity between these two nursery areas suggests that a 
combination of the second two possibilities may account for the differences in home 
range size seen in this study. 
 Inter- and intra-individual variability in home ranges can be more complex than a 
simple scalar relationship to body size (Pittman and McAlpine, 2003).  Studies on other 
marine fishes have shown seasonal and diel differences in home range sizes (Clark and 
Green, 1990; Bradbury et al., 1995).  Pittman and McAlpine (2003) suggest that a 
combination of body size, resource availability and use, life history traits, and inter- and 
intraspecific interactions may all affect home range size.   
 There was a seasonal component to home range size in the South Bimini nursery 
but not in the North Sound nursery area.  Newman (2003) found that the North Sound 
nursery area was lower in primary productivity and less stable seasonally when compared 
to the South Bimini nursery.   
 Spatial and Temporal Variation in Distance from Shore 
 North Sound sharks had distances from shore significantly greater than sharks in 
the South Bimini nursery.  One reason for the greater distances from shore in the North 
Sound nursery may again be related to the geography and bathymetry of the nursery.  
Sharks occasionally made crossings of the North Sound during tracking events traveling 
up to 500 meters from either shoreline while sharks in the South Bimini nursery rarely 
ventured farther than 200 meters from shore. 
 There was a significant seasonality in distance to shore using non-parametric 
statistics in both nursery areas.  In the South Bimini nursery area, season 4 (February to 
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April) distances from shore were greatest and seasons 1 (May to July), 2 (August to 
October), and 3 (November to January) were not significantly different from one another. 
In the North Sound nursery area, seasons 3 (November to January) and 4 (February to 
April) were significantly greater than seasons 1 (May to July) and 2 (August to October) 
and season 4 was significantly greater than season 3.  Neonate sharks are born into their 
primary nursery areas in Bimini during the month of May (pers. obs.) which may explain 
why seasons 1 and 2 are significantly lower in each nursery area studied.  During seasons 
3 and 4, sharks are larger in body size than they would be during seasons 1 and 2 which 
may explain some of the greater distances from shore seen during the later seasons.  
Bimini experiences a distinct wet (May to October) and dry (November to April) season 
during which many changes in abiotic and biotic factors occur.  This may also account 
for the differences in seasons.   During the dry season, water temperatures are usually 
cooler (Newman, 2003; pers. obs.) and prey communities can be less diverse.  Sharks 
may venture further from shore during the dry season to locate prey and/or find slightly 
deeper water that may be warmer close to the bottom if surface waters close to shore get 
below a certain temperature.  
 There were highly significant differences in distance from shore over a diel 
period.  In the South Bimini study site sharks ventured significantly further from shore 
during day and dusk when compared to night and dawn.  One possibility for this pattern 
is water temperatures rising during the day forcing the sharks to find deeper, colder water 
which would be found further from shore.  The influence of temperature on movements 
of elasmobranchs in the wild is not well studied.  Wallman and Bennett (2006) showed 
that Atlantic stingray exhibited a shuttling behavior with respect to temperature, 
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preferring cooler water after feeding.  In the North Sound study site, sharks ventured 
significantly further from shore during dusk and night when compared to day and dawn.  
This is contrary to what was found in the South Bimini site and contrary to expected if 
sharks are searching for colder, deeper water during the portions of the day when water 
temperature would be highest. 
 Spatial Variation 
 The North Sound and South Bimini nursery areas are both part of the Bimini 
Islands and both are potential pupping grounds for an adult female lemon shark.  
Although these two nurseries are only separated by 11 km they are ecologically distinct 
nursery areas (Chapter 2).  It is known that adult female lemon sharks show philopatry to 
Bimini (Feldheim et al., 2002) but the specificity of the philopatry is currently unknown.  
There are data to show that growth rates and movement patterns differ between the two 
nursery areas (Barker et al., 2006; DiBattista et al., 2007; pers. obs.; this study).  If there 
is high specificity in terms of philopatry to pupping grounds among adult female lemon 
sharks, then the selection of a nursery site around Bimini may strongly affect fitness and 
recruitment rates through growth and mortality in the juvenile population (Feldheim et 
al., 2002). 
 Conclusions 
 There was significant spatial and temporal variation in movement patterns among 
the juvenile sharks in the two nursery areas studied.  Sharks from the North Sound 
nursery area had larger home ranges and ventured further from shore compared to sharks 
in the South Bimini nursery area.  This may reflect differences in biotic and abiotic 
factors among the two nursery areas.  Sharks in the North Sound nursery may have to 
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increase space use because of less stability in terms of productivity and environmental 
factors such as temperature and salinity.  Conversely, sharks in the South Bimini nursery 
may be able to minimize their space use because of the stability in the environment 
thereby conserving energy.  These differences may be reflected in the variation in growth 
rates seen in the two nurseries (DiBattista, 2007; pers. obs.), where sharks in the South 
Bimini nursery area grow approximately 2-5 cm per year faster than similar aged sharks 
in the North Sound nursery area. 
 There was a detectable seasonal component to space use with respect to home 
range size and distance from shore.  An interesting observation when comparing 
seasonality in home range size with seasonality in distance from shore was that home 
range sizes in the South Bimini nursery were smallest during the dry season but distances 
from shore were greatest during the same season.  Although sharks traveled further from 
shore during the dry season, their home ranges were smaller.  This may reflect sharks 
seeking optimal habitat during the cold period.  In both nursery areas, the dry season 
showed the greatest distances from shore which may reflect differences in the biotic and 
abiotic conditions during these months.  When examining distance from shore during 
different times of the day to assess any diel patterns, the dusk period (17:00 – 19:59) in 
both nurseries showed signficantly greater distances from shore than most other periods.  
Juvenile sharks may be venturing further from shore during the dusk period while 
searching for prey as it has been suggested that sharks are crepuscular and may feed most 
during the dusk and dawn periods (Gruber et al., 1988; Sundstrom et al., 2001). 
 This study was among the first to examine space use patterns of juvenile lemon 
sharks in multiple nursery areas simultaneously to show spatial differences in how young 
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sharks may be using their environment.  It also is one of the first attempts to examine 
seasonality in a year round primary nursery area for sharks.  Further studies on fine scale 
movement patterns within nursery areas will help to further define essential fish habitat 
for young sharks during a critical life stage. 
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Table 4-1. Telemetry studies on elasmobranch behavior.  Age class: a = adult, j = juvenile, n = neonate.  Behavior: d = depth, da = 
diel activity, h = homing, hr = home range, hs = habitat selection, m = movement, n = navigation, ss = swimming speed. 
 
Species Common Name Manual or Automated 
Age 
class 
Number of 
Individuals 
Tracked 
Maximum 
length of 
continuous 
track 
(hours) 
Number of 
days tracked 
intermittently 
Behavior 
studied Reference 
Aetobatus narinari spotted eagle ray manual a        m  Silliman and Gruber 1999 
Carcharhinus 
amblyrhynchos gray reef shark manual  26 50 23 da, m McKibben and Nelson 1986 
  m/a a 4  6 da, m Economakis and Lobel 1998 
    manual   9 72   da, m Nelson and Johnson 1980 
Carcharhinus leucas bull shark manual   4+   11 m  Thorson 1971 
Carcharhinus limbatus blacktip manual  2 43  da, hr Nelson and Johnson 1980 
    automated n 33   159 hs, m Heupel and Heuter 2001 
Carcharhinus 
melanopterus blacktip reef manual   1 42   da, hr Nelson and Johnson 1980 
Carcharhinus plumbeus sandbar manual j 3 11  m Medved and Marshall 1983 
    manual n, j 25 75   hr, m Rechisky and Wetherbee 2003 
Carcharhinus sp.   manual   1 4     Bass and Rascovich 1965 
Carcharodon carcharias white  manual a  1 83  m Carey et al. 1982 
  manual j 1  2 m McCosker 1987 
  manual a 4 12 17 d, m Goldman and Anderson 1999 
  automated a 6  28 d, m Klimley et al. 2001 
  automated a 6  180 d,m Boustany et al. 2002 
    manual j 1 4   d, m Klimley et al. 2002 
Dasyatis lata Hawaiian stingray manual a 7 74   da, m Cartamil et al. 2003 
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Table 4-1. (continued)         
Species Common Name Manual or Automated 
Age 
class 
Number of 
Individuals 
Tracked 
Maximum 
length of 
continuous 
track 
(hours) 
Number of 
days tracked 
intermittently 
Behavior 
studied Reference 
         
Galeocerdo cuvier tiger manual a 1 48  d, m Tricas 1981 
  manual j, a 8 50 314a d, m Holland et al. 1999 
    manual a 49 13 1 d, hs, m Heithaus et al. 2002 
Hexanchus griseus bluntnose sixgill manual a 2 36 4 d, m Carey and Clark 1995 
Isurus oxyrhinchus shortfin mako manual j, a 4 104   d, m Carey et al. 1981 
  manual     d, m Holts and Bedford 1993 
    manual j 3 39   d, m Klimley et al. 2002 
Megachasma pelagios megamouth manual   1 51   d, m Nelson et al. 1997 
Myliobatis californica California bat ray manual a 11 4 395 d, m Matern et al. 2000 
Negaprion brevirostris lemon manual j, a 9 113  da, m Gruber 1982, Gruber et al. 1988 
  manual j 38 6 153 hr, hs, m Morrissey and Gruber 1993a,b 
  manual j 4 24  m Correia et al. 1995 
  manual j 28 24 433 da, hr, m de Marignac 2000 
    manual j 3 62   ss Sundstrom and Gruber 1998 
Prionace glauca blue manual a 24 136  d, m Carey and Scharold 1990 
  manual j 2 2  d, m Klimley et al. 2002 
    manual a 14 22   da, m Sciarotta and Nelson 1977 
Rhincodon typus whale manual         m Gunn et al. 1999 
Scyliorhinus canicula lesser spotted dogfish manual a 4   6 da, m Sims et al. 2001 
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Table 4-1. (continued)         
Species Common Name Manual or Automated 
Age 
class 
Number of 
Individuals 
Tracked 
Maximum 
length of 
continuous 
track 
(hours) 
Number of 
days tracked 
intermittently 
Behavior 
studied Reference 
         
Sphyrna lewini scalloped hammerhead manual  13 14 34 m, n Klimley and Nelson 1984 
  automated a 18  10 da, h, m Klimley et al. 1988 
  manual n  6 72 12 m Holland et al. 1992, 1993 
  manual j, a 5   h, m, n Klimley 1993 
  manual j 1 48  ss Lowe et al. 1998 
    manual j 5 57   ss Lowe 2002 
Sphyrna tiburo bonnethead manual j 2 24   ss Parsons and Carlson 1998 
Triaenodon obesus whitetip reef manual   5   10 da, hr Nelson and Johnson 1980 
Triakis semifasciata leopard manual a 6 24 21 da, m Ackerman et al. 2000 
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Table 4-2. Lemon sharks, Negaprion brevirostris, captured and transmittered in two 
primary nursery areas in Bimini, Bahamas for manual tracking during this study 
from 2003 to 2005. 
Study Site PIT Tag No. 
Shark 
ID 
Transmitter 
Date 
Size at 
Transmitter 
Date (TL) 
Sex 
 
42343D5776 SB1 10-Mar-03 71.5 F 
 
423B656C45 SB2 15-Mar-03 74.1 F 
 
4234557F12 SB3 17-Mar-03 65.6 M 
 
423B717E6F SB4 24-Mar-03 79.8 F 
 
423B044C24 SB5 24-Mar-03 63.2 F 
 
423B065142 SB6 24-Jul-03 73.8 F 
South Bimini 423B420128 SB7 5-Aug-03 75.6 M 
 
41370A2235 SB8 23-Nov-03 80 F 
 
41370B2302 SB9 5-Mar-04 72 F 
 
423B523139 SB10 12-Jul-04 69.8 F 
 
451C5B1B05 SB11 29-Jun-05 71.2 F 
 
4234506D40 SB12 23-Jul-05 73.2 M 
 
411C2D607A SB13 3-Aug-05 65.4 M 
 
44565E7246 SB14 18-Sep-05 70 M 
 
452E33786B SB15 16-Nov-05 69.8 M 
 
454B236B7C SB16 26-Nov-05 70.1 M 
 
          
 
411C313A38 NS1 2-Apr-03 70 F 
 
411C300B72 NS2 2-Apr-03 74.8 F 
 
411C3A325A NS3 2-Apr-03 71.4 M 
 
423B416C5E NS4 2-Apr-03 69.1 M 
 
411C324613 NS5 25-Jul-03 75 F 
 
4234490149 NS6 21-Oct-03 71.2 F 
 
42344D0903 NS7 11-Feb-04 70 M 
 
4234473605 NS8 11-Feb-04 73 F 
 
445D4F1473 NS9 20-Jul-04 62.4 F 
North Sound 4234485540 NS10 20-Jul-04 64.4 M 
 
44556E530E NS11 20-Jul-04 63.8 M 
 
4455632A20 NS12 20-Jul-04 61.2 F 
 
445D083D0B NS13 20-Jul-04 73.6 F 
 
445C707F6F NS14 20-Jul-04 62.6 M 
 
4456423208 NS15 20-Jul-04 62.7 F 
 
4456556511 NS16 20-Jul-04 64 M 
 
44556A562C NS17 20-Jul-04 71.2 F 
 
423B512017 NS18 31-Jan-05 77.5 F 
 
44557D1839 NS19 31-Jan-05 67.4 M 
 
445867006F NS20 19-Feb-05 63.4 M 
 
423B6D6577 NS21 19-Feb-05 83 F 
 
411C483130 NS22 24-Mar-05 71.2 M 
  
44565A6B51 NS23 24-Mar-05 65.8 F 
  
119 
 
 
 
Table 4-3. Mixed model of logMCP area.  Mixed model of quarterly MCP area of 
juvenile lemon sharks tracked in Bimini Bahamas as a function of study site, size of 
individual shark, and size*site interaction.  For all independent variables the parameter 
estimate (θ) is given with the standard error (SE) and a 95% confidence interval for each 
estimate. 
 
Factor θ SE (θ) 95% C.I. p 
Site 2.01 0.95 0.01 – 3.91 0.040* 
Size 0.03 0.01 0.01 - 0.04 0.036* 
Size*Site -0.09 0.01 -0.22 – 0.04 0.175 
 
* indicates factor had a significant effect in the model at a 0.05 level of significance 
 
 
Table 4-4. Mixed model of logLoCoH area.  Mixed model of quarterly LoCoH area of 
juvenile lemon sharks tracked in Bimini Bahamas as a function of study site, size of 
individual shark, and size*site interaction.  For all independent variables the coefficient 
estimate (θ) is given with the standard error (SE) and a 95% confidence interval for each 
estimate. 
 
Factor θ SE (θ) 95% C.I. p 
Site 0.23 0.26 -0.29 – 0.74 0.382 
Size 0.08 0.04 -0.01- 0.17 0.062 
Size*Site 0.01 0.06 -0.11 - -0.13 0.859 
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Table 4-5. Mixed model of logMCP to assess seasonality.  Mixed model of quarterly 
logMCP of juvenile lemon sharks tracked in Bimini Bahamas as a function season and 
size of individual shark.  For all independent variables the 95% confidence intervals for 
each estimate and p value are reported. 
 
 
Site Factor 95% C.I. p 
South Bimini Intercept -4.41 - -2.43 0.000** 
 Size 0.22 - 0.47 0.000** 
 Season 1 0.003 - 0.61 0.048* 
 Season 2 0.22 - 0.78 0.001** 
 Season 3 -0.04 - 0.58 0.084 
North Sound Intercept -1.81 - 1.36 0.770 
 
Size -0.02 - 0.02 0.813 
 
Season 1 -0.54 - 0.05 0.094 
 
Season 2 -0.42 - 0.19 0.426 
  
Season 3 -0.45 - 0.20 0.433 
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Table 4-6. Mixed model of logLoCoH to assess seasonality.  Mixed model of quarterly 
logMCP of juvenile lemon sharks tracked in Bimini Bahamas as a function season and 
size of individual shark,  For all independent variables the 95% confidence intervals for 
each estimate and p value are reported. 
 
 
Site Factor 95% C.I. p 
South Bimini Intercept -3.77 - -1.48 0.000** 
 Size 0.01 - 0.04 0.002** 
 Season 1 0.004 - 0.50 0.046* 
 Season 2 0.20 - 0.69 0.001** 
 Season 3 -0.08 - 0.40 0.194 
North Sound Intercept -2.91 – 0.34 0.117 
 
Size -0.01 - 0.03 0.167 
 
Season 1 -0.61 - -0.01 0.045* 
 
Season 2 -0.58 - 0.07 0.123 
  
Season 3 -0.42 - 0.26 0.614 
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Table 4-7. Results of individual Mann-Whitney U tests of significance among diel 
periods for distance from shore in SB. 
 
          
 Dawn Day Dusk Night 
Dawn xxxx Day** dusk ns 
Day Day** xxxx Day** Day** 
Dusk Dusk** Day** xxxx Dusk** 
Night ns Day** Dusk** xxxx 
          
** denotes significance at a 0.01 level
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Table 4-8. Results of individual Mann-Whitney U tests of significance among diel 
periods for distance from shore in NS. 
 
          
 Dawn Day Dusk Night 
Dawn xxxx ns Dusk* Night** 
Day ns xxxx Dusk** Night** 
Dusk Dusk* Dusk** xxxx Night** 
Night Night** Night** Night** xxxx 
          
* denotes significance at a 0.05 level 
** denotes significance at a 0.01 level 
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Figure 4-1. Map of Bimini Islands showing the 2 primary nurseries studied: the 
North Sound and the South Bimini coastline along with the primary nursery adjacent to 
the North Sound nursery: Sharkland. 
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Figure 4-2. Quarterly MCP home range size vs. size of individual.  Estimates of quarterly MCP home range size for sharks in the 
NS study site and the SB study site.  The size of the individual is the mean total length (cm) over the quarter in which the home range 
was calculated.  Lines represent best fit linear regression for each site (NS = solid line; SB = dotted line).
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Figure 4-3. Quarterly LoCoH home range size vs. size of individual.  Estimates of quarterly LoCoH home range size for sharks in 
the NS study site and the SB study site.  The size of the individual is the mean total length (cm) over the quarter in which the home 
range was calculated.  Lines represent best fit linear regression for each site (NS = solid line; SB = dotted line).
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Figure 4-4.  Seasonal MCP size vs. body size given as total length in cm in the South Bimini nursery during all years of the 
study.  Season 1 represents home range estimates from May to July, season 2 represents estimates from August to October, season 3 
represents estimates from November to January, and season 4 represents estimates from February to April.  MCP area is given in km2.
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Figure 4-5.  Seasonal MCP size vs. size in North Sound nursery Seasonal MCP size vs. body size given as total length in cm in 
the North Sound nursery during all years of the study.  Season 1 represents home range estimates from May to July, season 2 
represents estimates from August to October, season 3 represents estimates from November to January, and season 4 represents 
estimates from February to April.  MCP area is given in km2.
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Figure 4-6. Seasonal LoCoh vs. size in South Bimini nursery Seasonal LoCoH size vs. body size given as total length in cm in 
the South Bimini nursery during all years of the study.  Season 1 represents home range estimates from May to July, season 2 
represents estimates from August to October, season 3 represents estimates from November to January, and season 4 represents 
estimates from February to April.  LoCoH area is given in km2.
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Figure 4-7. Seasonal Locoh vs. size in North Sound nursery.  Seasonal LoCoH size vs. body size given as total length in cm in 
the North Sound nursery during all years of the study.  Season 1 represents home range estimates from May to July, season 2 
represents estimates from August to October, season 3 represents estimates from November to January, and season 4 represents 
estimates from February to April.  LoCoH area is given in km2. 
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Figure 4-8. Mean distance from shoreline in m for all sharks in both study sites.  Closed circles represent North Sound sharks 
and open triangles represent South Bimini sharks.  Total length given in cm represents the estimated length of each shark during 
the quarter in which distance from shore was averaged.  Error bars are ±1 SE 
  
132
 
 
Figure 4-9. Median distance from shore (m) by season in South Bimini.  Distance from shore was measured using telemetry 
locations in ArcView 3.2a with Spatial Analyst and the Animal Movements extension and distances are accurate to the nearest 5 m.  
Data was pooled among individuals for each season.  Error bars are 95% CI. 
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Figure 4-10. Median distance from shore by season in the North Sound nursery area.  Distance from shore was measured using 
telemetry locations in ArcView 3.2a with Spatial Analyst and the Animal Movements extension and distances are accurate to the 
nearest 5 m.  Data was pooled among individuals for each season.  Error bars are 95% CI.
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Chapter 5: Resource selection by juvenile lemon sharks (Negaprion brevirostris) 
within their primary nursery areas of Bimini, Bahamas 
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ABSTRACT 
 
 Knowledge of habitat use of individuals over a long time scale can give valuable 
insight into how an organism’s environment shapes life history patterns.  Habitat 
selection acts as an important link between behavioral and population ecology.  I studied 
the resource selection of juvenile lemon sharks on a seasonal scale in two separate 
nursery areas in Bimini, Bahamas from March 2003 to February 2006.  The habitat was 
characterized using biologically interpretable variables including biotic and abiotic 
factors.  I utilized manual telemetry, GIS technology, and remote sensing to generate 
resource selection functions (RSF) at a population and individual level based on use vs. 
availability defined at Johnson’s 3rd order scale.  Population level RSFs were significant 
compared to null models during both seasons in all years in both study sites and there 
were clear patterns in variables that were significant to shark presence.  In one nursery 
area, most RSFs showed that shark presence was significantly related to decreased 
distances from shore, high prey biomass, and high density of seagrass.  In the second 
nursery area studied, most RSFs showed that shark presence was significantly related to 
decreased distances from shore, high prey biomass, and shallower depths.  There was 
substantial variability in the individual RSFs within each nursery area.  However, some 
patterns did emerge as a majority of individuals in both nurseries had movement patterns 
significantly related to decreased distances from shore and high prey biomass.  Patterns 
of the data showed within primary nursery areas juvenile lemon sharks remained close to 
the shoreline (usually mangroves) and spent a disproportionate amount of time in areas 
that are high in prey biomass.  One of the nursery areas studied showed an extremely low 
level of predator density suggesting that sharks in this nursery were under less risk of 
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predation.  However, this nursery area contained greater instability in prey communities 
and abiotic factors when compared to the other nursery area.  This suggests that there 
may be a tradeoff between prey availability and predation risk.  This study demonstrates 
the importance of fine scale studies of shark nursery areas in determining how the local 
environment affects movement patterns and ultimately fitness.  Results from this study 
will help to further define essential fish habitat for juvenile sharks in their primary 
nursery areas.  
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INTRODUCTION 
 Resource Selection/Habitat selection 
 One of the central questions of animal ecology is how an animal uses its 
environment or more specifically, the types of food it forages for and the types of habitat 
it chooses to occupy (Johnson, 1980).  Animals may select habitats based on numerous 
factors including: risk of predation, types and quality of resources (biotic and abiotic), 
resource demands, and life history patterns (Morris, 2003).  By serving as the behavioral 
component of animal distribution, habitat selection can link the fields of behavioral 
ecology and population ecology (Kramer et al., 1997).  Further, microhabitat selection or 
resource selection on a fine scale is significant in aspects of an animal’s physiology, 
morphology, life history, and behavior.  These are linked by the functional processes of 
the animal such as temperature regulation, feeding, respiration, reproduction, avoidance 
of predators, and avoidance of extreme conditions (Kramer et al., 1997).  Habitat 
selection has been linked with many ecological concepts such as evolutionary strategy, 
population regulation, competition, predator-prey dynamics, and as an engine for 
biodiversity (Morris, 2003).  Therefore, how and why animals select resources and 
therefore habitat, has implications for many broad ecological and biological concepts.   
Understanding space use in relation to local resources can contribute to the knowledge of 
an animal’s physiology, biology, and ecology.  Thus, obtaining a thorough 
comprehension of resource selection is integral in the management and conservation of 
species.   
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 Elasmobranch Resource Selection 
 There are few studies of resource selection in elasmobranchs although there is a 
need for data in this area of elasmobranch ecology specifically with respect to defining 
essential fish habitat for sharks and rays.  Movement patterns of sharks and rays are 
influenced by water temperature (Morrissey and Gruber, 1993; Wallman and Bennett, 
2006), water currents (Medved and Marshall, 1983), bottom type (Carraro and Gladstone, 
2006), subsurface irradiance (Klimley, 1993; Nelson et al., 1997), geomagnetic gradients 
(Klimley, 1993), and presence or absence of prey (Sims et al., 1997; Heupel and Hueter, 
2002).  However, few studies have examined multiple factors over a long time period to 
assess their relationship with shark movement patterns.   
 There are few studies on juvenile shark movements with respect to prey density or 
biomass.  Heupel and Hueter (2002) found that prey abundances within the primary 
nursery were not a major factor in directing blacktip shark (Carcharhinus limbatus) 
movements.  Long distance movement patterns of basking sharks (Cetorhinus maximus) 
are correlated with levels of zooplankton (Sims et al., 1997).  Many studies that have 
examined habitat use in sharks and rays suggest that movement patterns may be related to 
food resources (e.g. Ackerman et al., 2000; Sims et al., 2001; Heithaus et al., 2002) but 
the shark movement/prey relationship has not been fully examined. 
 To date, no studies have attempted to correlate juvenile shark movement patterns 
in primary nursery areas with predator density or movements.  Springer (1967) and 
Branstetter (1990) hypothesized that sharks utilize nurseries in order to separate young 
sharks from adult sharks.  However, the question of whether juvenile sharks in their 
nursery areas avoid areas of high predation risk has not been adequately addressed.  
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Carraro and Gladstone (2006) suggested that the ornate wobbegong (Orectolobus 
ornatus) preferred habitat that offered protection from predators.  The selection of 
habitats to reduce predation risk by young sharks has also been hypothesized in lemon 
sharks (Morrissey and Gruber, 1993), blacktip sharks (Heupel and Hueter, 2002), and 
sandbar sharks (Rechisky and Wetherbee, 2003).   
 Lemon Shark movements 
Lemon sharks as with many other shallow water or coastal sharks use nursery 
areas during their early years of life (Branstetter, 1990; Castro, 1993).  Studies suggest 
that nursery areas are chosen because of low predation rates, high abundances of prey, 
and suitable habitat (Branstetter, 1990; Rountree and Able, 1996).  Mortality rates in 
sharks during their early years can be high, as high as 64% mortality in the first year for 
lemon sharks (Manire and Gruber, 1993).  The major predator for juvenile sharks in the 
nursery areas is larger conspecifics (pers. obs.; Gruber, pers. comm.).  Gruber et al. 
(2001) found that annual survival rates for juvenile lemon sharks varied between 39% 
and 65%.  Thus, lemon sharks experience high mortality rates as juveniles especially 
during their first year of life.   
 Movement patterns and activities of juvenile lemon sharks have been studied by 
Gruber et al. (1988), Morrissey and Gruber (1993a and b), de Marignac (2000), and 
Sundstrom et al. ( 2001) among others.  In the nursery areas around Bimini, Bahamas, 
juvenile lemon sharks are crepuscular or nocturnal and highly site attached.  Nursery 
bound juvenile lemon sharks in the North Sound of Bimini have small activity spaces 
located near the mangrove fringe.  A previous study of habitat selection found that 
juvenile lemon sharks selected shallower, warmer water with underlying rock or sand 
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substrates in the North Sound primary nursery area (Morrissey and Gruber 1993b) 
possibly as a means of predator avoidance.    
 Objective 
  
 The primary objective of this study was to characterize lemon shark nursery 
habitat in terms of biotic and abiotic factors in order to determine if lemon shark 
movements were related to these factors.  Although knowledge of how juvenile utilize 
their habitat is integral in defining essential fish habitat, few studies have thoroughly 
examined habitat preference in shark primary nursery areas (Simpfendorfer and Heupel, 
2004).  Using a combination of resource selection functions derived from logistic 
regression and model selection, I tested the hypothesis that shark movements were 
correlated with areas of low predation risk and high prey availability.  I based these 
models on biologically interpretable variables. 
 
MATERIALS AND METHODS 
 Study Sites 
 I conducted this study at Bimini, Bahamas, a small group of islands located on the 
western edge of the Great Bahama Bank.  Bimini is located 86 kilometers east of Miami, 
Florida at 25°44′ North and 79°16′ West.  The waters surrounding the islands are 
generally shallow (< 3 m); the coastline consists primarily of red mangrove (Rhizophora 
mangle) and turtle grass (Thalassia testudinum) covers much of the bottom in the shallow 
lagoons (Newell et al. 1959, Jacobsen, 1987).   
 In this study I tracked sharks captured from two primary nursery areas at Bimini.  
These included the North Sound (NS) nursery and the South Bimini (SB) nursery.  
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Sharks were tracked in 4 major areas around Bimini: the North Sound, Sharkland, the 
Bimini lagoon, and the south coast of South Bimini Island (Figure 5-1).  The North 
Sound was a semi enclosed area occupying 3 km2 located within the western and eastern 
arms of the island of North Bimini.  The study area off South Bimini comprised 
approximately 8 km of mangrove fringed coastline and 2 km of developed coastline. 
Sharkland was a primary nursery area located between the North Sound and the Bimini 
lagoon.  The study area comprised approximately 5 km of mangrove fringed coastline.  
The Bimini lagoon was between the islands of North and South Bimini and comprised an 
area of approximately 21 km2 (Morrissey and Gruber, 1993).  The North Sound and 
South Bimini nurseries were distinct in that the Bimini lagoon separated these two 
nurseries from each other (Chapter 2).  
 Telemetry Equipment and Active Tracking 
 Methodology for telemetry equipment, shark capture, and active tracking 
followed those presented in previous chapters. 
 Study Design 
 Using a combination of remote sensing and GIS layers created from field data, I 
derived resource maps for each of the study sites.  I evaluated seasonal resource selection 
on Johnson’s third-order scale (Johnson, 1980).  This scale examines resource selection at 
the home range level of the individual.  Using logistic regression, I compared resource 
usage derived from manual telemetry data to resources at random locations within the 
home range (Manly et al., 1993).  Some resource layers could only be created from the 
shoreline out to 200 m, thus, I defined availability within seasonal MCP home ranges 
clipped at 200 m from shore.  To obtain available resources, I generated a random sample 
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of locations from a uniform distribution within each individual’s home range.  The 
number of random locations created for each individual was 30 x n where n was the 
number of actual telemetry locations for each individual during that season.  I estimated 
resource selection functions (RSF) for each site for both wet and dry seasons for each of 
the 3 years of the study using coefficients from the logistic regression analyses.  I 
estimated RSF for both the population and a subset of individuals.  To determine 
resources or combinations of resources that were most important to the populations, I 
used parsimonious model building methods (Burnham and Anderson, 2002) by 
comparing Akaike’s Information Criterion (AIC) values and reporting AIC weights 
(AICw).  
 Resource characterization 
 Prey biomass 
 I estimated prey availability with prey biomass calculated using seine netting data 
from 2003 to 2005 combined with previous data collected in the nursery areas of Bimini 
between 2000 and 2003 (Newman, 2003).  The seine netting method used during 2003 to 
2005 followed the exact protocols of the seine nets conducted during 2000 to 2003 in 
order to facilitate comparisons and it also allowed for a merging of the datasets to obtain 
an accurate representation of the prey communities over a five year period.  To compare 
catches from seine nets during the two time periods I repeated seine nets for a 10% 
subsample of the 2000 to 2003 seines.  I used a Jaccard index to compare species 
diversity among these catches before combination of datasets to ensure similarity in 
diversity.  I selected species for prey biomass estimates based on previous studies of the 
diet and prey selection of juvenile lemon sharks in these two nursery areas (Newman, 
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2003).  This enabled prey biomass estimates that were biologically interpretable because 
estimates only included relevant prey species. 
 I used an inverse distance weighted interpolation method in ArcView 3.2 with the 
Spatial Analyst extension to estimate prey communities throughout the entire nursery 
area based on known prey biomass obtained from seine net data.  Due to seasonal 
differences in prey communities, I created a dataset of prey biomass for the wet season 
(May to October) and a separate dataset for the dry season (November to April). 
 Bottom Type 
 Bottom type was derived using a LandSat 7 false color satellite image that was 
georectified and ground truthed (Hussey, 2004; Kessel, pers. comm.).  I set high density 
seagrass as the reference bottom type and scaled the bottom types based on density of 
seagrass and macroalgae from high density at level 1 and sand bottom at level 20.  I 
assumed bottom type to be unchanged through the study so I used a single dataset of 
bottom type regardless of season.  
 Predator Density 
 Predator density was calculated using previous data from the tracking of subadult 
lemon sharks around Bimini combined with tracking during the 2003 to 2005 study 
period.  Subadult lemon sharks predate on nursery bound juvenile lemon sharks (Gruber, 
pers comm..; pers. obs.) and subadult lemon sharks were most prevalent among potential 
predators.  Thus, for the purpose of modeling predation risk, I made the assumption that 
larger conspecifics were the dominant predator of nursery bound juvenile lemon sharks.  I 
determined that tracking data from subadults tracked between 2003 and 2005 was similar 
to tracking data collected between 1995 and 2000 as sharks utilized similar areas and 
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showed similar patterns.  A combination of the historic data and the current data was used 
to estimate predator density.  I used GIS to estimate predator density throughout the 
entire nursery area by overlaying a grid (75 x 75 m cell size) over the map of each 
nursery and calculating a predator score based on the number of predator locations in 
each cell of the grid.   
 Depth 
 To estimate depth in each of the nursery areas, I used an inverse distance 
weighted interpolation method in ArcView 3.2 with the Spatial Analyst extension.  Depth 
measurements were taken at sampling stations in each of the nurseries during all stages of 
the tide, all times of the day, and all times of the year.  From these data and using the 
interpolation method, I obtained a map of the average seasonal depth in each of the 
nurseries.  The same dataset for depth was used regardless of season. 
 Distance from Shore 
 The variable distance from shore was calculated from tracking locations.  Each 
distance was rounded to 10 m increments as this was the extent of the accuracy of a 
location while manually tracking a shark. 
 Local environment 
 I quantified local environment using two factors: water temperature and salinity.  
Similar to depth, I used a seasonal average of these factors calculated from sampling 
done at stations during all stages of the tide, all times of the day, and all times of the year.  
Average temperature and salinities were obtained using the inverse distance weighted 
interpolation described above.  Temperature and sailinity datasets were created for each 
season and each year of the study. 
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 I used ArcView 3.2 (Environmental Systems Research Institute, Redlands, 
California) to overlay themes containing habitat type, depth, predator density, prey 
density, temperature, and salinity data in each of the nursery areas.  From these maps I 
obtained information on resource levels during both the wet and dry seasons. 
 Data analysis  
 I followed methods of Millspaugh and Marzluff (2001), Boyce et al. (2002), and 
Suedkamp-Wells (2005) using logistic regression to evaluate RSFs on both an individual 
and a population level in each nursery area studied during each season of each year of the 
study.  I employed a combination of full model designs and parsimonious model building 
to first determine patterns and significance of the coefficients in the model and then to 
examine which variables may be most important to juvenile shark movements.  I used 
Stata 9.1 with the generalized linear latent and mixed models (gllamm) program (Rabe-
Hesketh and Skrondal, 2005) to estimate coefficients for each of the variables. 
 For each variable I first used a paired t-test to reduce the number of parameters 
used in the modeling stage (Hosmer and Lemeshow, 2000; Millspaugh and Marzluff, 
2001).  I relaxed the significance level to ensure inclusion of potentially important 
variables and I excluded any variable that was not significant (p > 0.25) from further 
models.  I also tested for multicollinearity as logistic regression techniques are sensitive 
to variables that are collinear (Hosmer and Lemeshow, 2000).  To test for 
multicollinearity among variables I examined each pair of variables with a correlation test 
and if two variables were highly correlated (r > 0.7) I removed those variables from 
further analyses. 
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 For individual RSF modeling, I used a logistic regression with a Newey-West 
variance inflator which allows for autocorrelation among individual tracking locations.  
For population RSF modeling, I used a binomial logit link function with robust standard 
errors with shark ID as a random effect.  This was done in order to account for the 
unbalanced data set as each shark did not have the same number of tracking locations. 
I evaluated model significance with log likelihood statistics.  
 Population level RSF 
 I developed RSF models by season for each year of the study in each of the two 
study sites.  To overcome obstacles of pseudo-replication and unequal sample sizes for 
individual sharks, I used a generalized linear model with a binomial logit link function 
with random effects and including a robust clustering technique (Pendergast et al., 1996; 
Gilles et al., 2006).  This method assumes independence between sharks (clusters) but not 
independence between sub-samples (shark locations).   For population level RSF, I then 
used AIC to determine which model fit the data best to determine which variables 
correlated with shark locations.  I also report AIC weights (AICw) for the top candidate 
models.  AICw allow for comparison between all models and its value represents the 
probability that it was the best model among all models tested.  The AICw is calculated 
for model i as: 
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where R is the full set of models. 
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Individual RSF 
 I developed RSF models for a subsample of individuals in each of the study sites.  
I chose individuals that had greater than 200 telemetry locations for RSF modeling at the 
individual-level.  To account for autocorrelation in tracking data, I used a Newey-West 
variance inflator within the logistic regression (Newey and West, 1987; Nielsen, 2002).  
The Newey-West variance inflator does not change the value of the coefficients in the 
RSF but it does increase the variance based on the temporal autocorrelation in the data 
and therefore, parameters become less likely to be significant due to Type I errors.  The 
Newey-West variance inflator requires a maximum lag time in order to determine the 
level of serial autocorrelation.  This lag time was known from previous work (Chapters 2 
& 3) and was set at a maximum lag of 3 hours. 
 
RESULTS 
 Temperature and Salinity 
 Because of problems with a lack of adequate data over an entire season during 
each year in each study site and multicollinearity (r > 0.7) between these two variables, I 
dropped them from further analysis.  An average of these variables over a seasonal scale 
did not show the fine scale changes in temperature or salinity that are seen over a diel 
period.   
 Depth 
 In the South Bimini study site, average depth ranged from 0 – 422 cm over the 
course of the study (Figure 5-2).  There are manmade channels along the shoreline in the 
pond in the western portion of South Bimini and also along the southwestern coastline.  
Graphs of proportions of used and random locations showed no clear disproportionate use 
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of depth contours (Figure 5-3).  The 40 to 59 cm and 60 to 79 cm depths seemed to be 
used slightly more than available in most seasons.  In the North Sound study site, average 
depth ranged from 0 – 168 cm over the course of the study (Figure 5-4).  In most seasons 
there seemed to be a disproportionate use of the 40 to 59 cm and 60 to 79 cm depths 
(Figure 5-5). 
 Prey Biomass 
 Relevant prey biomass ranged from 0 to 4804 g in the South Bimini study site 
with slightly higher biomass seen along the shoreline within the South Bimini nursery 
(Figure 5-6).  Use vs. availability graphs indicated that areas of higher prey appeared to 
be more disproportionately used (Figure 5-7). 
 Relevant prey biomass ranged from 0 to 8273 g in the North Sound study site 
(Figure 5-8).  The midwestern and the southeastern portions of the nurseries seemed to 
have higher prey biomasses than other areas.  Use vs. availability graphs showed no clear 
pattern of disproportionate use of high prey areas among seasons in this nursery area. 
 Predator Density 
 Predator density ranged from 0 to 56 per grid cell in the waters around Bimini 
(Figure 5-10).  There were substantially fewer large sharks found in the North Sound 
nursery when compared to the South Bimini nursery suggesting that sharks in the South 
Bimini nursery experienced a higher risk of predation.  In this nursery, smaller sharks 
appeared to use areas of lower predator density disproportionately more as compared to 
all available locations (Figure 5-11).  In the North Sound nursery, use vs. availability 
graphs showed mixed results among seasons and in most seasons there seemed to be a 
disproportionate use of higher predator density areas (Figure 5-12).  However, predator 
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density was extremely low in the entire nursery.  The greatest number of predator 
locations in any one grid cell in the North Sound nursery was only 4 locations.  
 Bottom Type 
 Bottom type varied from sand to high density seagrass in the South Bimini 
nursery area (Figure 5-13).  Seagrass beds dominated the landscape over large areas of 
the nursery.  Use vs. availability graphs showed a slightly higher use of areas of denser 
seagrass compared to available points (Figure 5-14).  In the North Sound study site, 
bottom type was less diverse and consisted of less seagrass cover with more sand and 
sand/silt areas (Figure 5-15).  Use vs. availability graphs showed no clear differences 
between used and available locations (Figure 5-16). 
 Distance from Shore 
 Distance from shore graphs of used vs. available points in the South Bimini 
nursery showed that sharks rarely traveled further than 100 m from shore and usually 
stayed between 10 and 60 m from the shoreline compared to available locations within 
their home ranges (Figure 5-17).  In the North Sound nursery, there also was a 
disproportionate use of areas less than 100 m from shore but sharks did seem to use areas 
further from shore slightly more than sharks from the South Bimini nursery (Figure 5-
18). 
Population level RSF 
 South Bimini 
 In 2003/2004, model fits of population level RSF in both the wet and dry seasons 
were statistically significant (wet: χ2 = 1993.1, P < 0.001; dry: χ2 =475.4, P < 0.001).  
During the 2003/2004 year in both seasons distance from shoreline, prey density, and 
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bottom type were significant predictors of shark movements (Table 5-1).  Smaller 
distances to the shoreline, higher levels of prey density, and greater density of seagrass 
and macroalgae were associated with an increase in shark presence during both seasons 
of this year (Table 5-1).  In the wet season, model selection showed that the model with 
all 5 variables and the model with distance to shore, prey density, bottom type, and depth 
had equal AIC weights (AICw = 0.49) (Table 5-1).  In the dry season, model selection 
showed that a model with all five variables resulted in the best fit to the data (-2LL = 
3896, AIC = 3909) (Table 5-1) and a AICw for this model of 1.00 suggests model 
certainty. 
 In 2004/2005, model fits of population level RSF in both the wet and dry seasons 
were statistically significant (wet: χ2 = 858.1, P < 0.001; dry: χ2 =448.9, P < 0.001).  In 
the wet season of 2004/2005, shorter distances to the shoreline, higher levels of prey 
density, and greater density of seagrass and macroalgae were associated with an increase 
in shark presence (Table 5-2).  The two models with the best fit to the data were: the 
model including predator density, prey density, bottom type, and distance from shore 
(AICw = 0.51) and the model including all 5 variables (AICw = 0.31).  In the dry season 
of 2004/2005, shorter distances to the shoreline and greater density of seagrass and 
macroalgae were associated with an increase in shark presence (Table 5-2).  The two 
models with the best fit to the data were: the model including all 5 variables (AICw = 
0.62) and the model including distance from shore, depth, and bottom type (AICw = 
0.23). 
 In 2005/2006, model fits of population level RSF in both the wet and dry seasons 
were statistically significant (wet: χ2 = 407.4, P < 0.001; dry: χ2 =172.7, P < 0.001).  In 
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the wet season of 2005/2006, shorter distances to the shoreline and higher levels of prey 
density were associated with an increase in shark presence (Table 5-3).  All models had 
low AIC weights (Table 5-3), although the model including predator density, prey 
density, and distance (AICw = 0.35) and the model including prey density and distance 
(AICw = 0.35) fit the data best.  In the dry season of 2005/2006, shorter distance to the 
shoreline, higher levels of prey density, and areas of less dense seagrass and macroalgae 
were associated with an increase in shark presence (Table 5-3).  Model selection showed 
that the model including predator density, prey density, distance from shore, and bottom 
type fit the data best (AICw = 0.72).  The model including all 5 variables was the only 
other model that showed model fit (AICw = 0.27). 
 North Sound 
  In 2003/2004, model fits of population level RSF in both the wet and dry seasons 
were statistically significant (wet: χ2 = 759.8, P < 0.001; dry: χ2 =933.1, P < 0.001).  In 
the wet season of 2003/2004, shorter distances to the shoreline, higher levels of prey 
density, and shallow depths were associated with an increase in shark presence (Table 5-
4).  Model selection showed that a model with predator density, distance from shore, 
depth, and prey density resulted in the best fit to the data (-2LL = 5620, AIC = 5631) 
(Table 5-4) with a AICw of 0.60.  The second best model fit in terms of AIC value was a 
model that included all five variables (-2LL = 5618, AIC = 5633) with an AICw of 0.22.  
In the dry season of 2003/2004, areas of low predator density, higher levels of prey 
density and shallow depths were associated with an increase in shark presence (Table 5-
4).  Model selection showed that a model with all five variables resulted in the best fit to 
the data (-2LL = 5696, AIC = 5711) (Table 5-4) and AICw for this model was 1.00. 
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 In 2004/2005, model fits of population level RSF in both the wet and dry seasons 
were statistically significant (wet: χ2 = 499.4, P < 0.001; dry: χ2 =394.1, P < 0.001).  In 
both the wet and dry seasons of 2004/2005, shorter distances to the shoreline and higher 
levels of prey density were associated with an increase in shark presence (Table 5-5).  In 
the wet season, model selection showed no clear definitive model as all candidate models 
had an AICw < 0.26 (Table 5-5).  In the dry season, model selection showed a model of 
predator density, prey density, distance from shore, and depth having an AICw of 0.56 
and a model of all five variables having an AICw of 0.34 (Table 5-5). 
 In 2005/2006, model fit of population level RSF in the wet season was 
statistically significant (wet: χ2 = 146.8, P < 0.001).  In the wet season of 2005/2006, 
areas of high predator density, shorter distances to the shoreline, shallow depths, and 
areas of less dense seagrass and macroalgae were associated with an increase in shark 
presence (Table 5-6).  A model of predator density, distance from shore, depth, and 
bottom type had an AICw of 0.64 and a model with all five variables had an AICw of 
0.23 (Table 5-6). 
Individual level RSF 
 A subsample (> 200 telemetry locations) of individuals was taken to calculate 
individual level RSF models in each study site.  Models for all individual sharks were 
significant over the null models.  I calculated RSF for each individual using a full model 
including predator density, prey density, distance from shore, depth, and bottom type to 
examine patterns and significance of coefficients for each variable. 
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 South Bimini 
 RSF models for individual sharks during the dry season varied with respect to 
significance of parameter coefficients.  However, some general patterns could be seen.  
During the dry seasons, most sharks selected areas that were high in prey availability (7 
of 9) and avoided areas within their home range that were far from shore (8 of 9) (Table 
5-7).  Some sharks avoided deeper areas (4 of 9) that were high in predator density (3 of 
9).  There were 3 of 9 sharks that significantly selected areas that were high in prey 
density and also avoided areas high in predator density (Table 5-7). 
 RSF models for individual sharks during the wet season also showed high 
variability in terms of significance of parameter coefficients but there were some clear 
patterns among individuals.  During the wet season, most sharks avoided areas within 
their home ranges that were far from shore (12 of 13) and selected areas that were high in 
prey biomass (7 of 13) (Table 5-7).  There were 3 of 13 sharks that significantly selected 
areas that were high in prey biomass and avoided areas that were high in predator density 
(Table 5-7). 
 There were 7 individuals for which I estimated RSF models during both the wet 
and dry seasons.  Of these 7 sharks, 4 individuals showed selection for areas of high prey 
biomass during both the wet and dry seasons while two sharks showed selection for high 
prey areas during the dry season but not the wet season and one shark showed avoidance 
of high prey areas during the dry season and selection for high prey areas during the wet 
season.  Six of 7 sharks showed avoidance for areas far from shore during both the wet 
and dry season while the other only showed avoidance during the wet season. 
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 North Sound 
 RSF models for individual sharks during the dry season showed high variability in 
terms of significance of parameter coefficients and also there were fewer significant 
coefficients compared to the South Bimini site.  There were some patterns in terms of 
parameter coefficients as 3 of 4 individuals during the dry season avoided deeper areas 
and areas far from shore within their respective home ranges (Table 5-8).   
 RSF models during the wet season also varied among individual sharks (Table 5-
8).  Again, there seemed to be fewer significant coefficients in the North Sound 
individuals compared to the South Bimini site.  Some patterns were seen as 3 of 5 sharks 
selected areas that were high in prey biomass, 2 of 5 sharks avoided deeper areas, and 2 
of 5 sharks avoided areas far from shore. 
DISCUSSION 
 This study was among the first to estimate resource selection functions for sharks.  
The large datasets obtained by combining my data with historical data allowed for a 
thorough examination of prey availability and predation risk that would not have been 
feasible otherwise.  Obtaining a diet specific level of prey biomass using previous 
research in these two nurseries (Newman, 2003) allowed me to develop a more 
comprehensive analysis of the effects of prey on shark movements than in any other 
study on resource selection by juvenile sharks in their nursery areas.  Juvenile sharks in 
each nursery area used areas of their home ranges in relation to predator density, prey 
biomass, distance from shore, depth, and bottom type.  Within their home ranges, shark 
movements were most commonly correlated with higher prey biomass and areas close to 
shore.  Areas close to shore usually had fewer predators.  Thus, within nursery areas 
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sharks utilize areas that tended to be higher in prey availability and lower in predation 
risk. 
Population level RSF 
 In the South Bimini study site, population level RSF showed that sharks selected 
areas of high prey density in 5 of 6 seasons studied and avoided areas far from shore in 
all 6 of the seasons studied.  Sharks also seemed to avoid areas of low density seagrass 
and sand.  In the North Sound study site, population level RSF showed that sharks 
selected areas of high prey density in 4 of 5 seasons studied and avoided deep water in 3 
of 5 seasons studied. 
 These data indicate that sharks selected areas that were high in prey availability 
and avoided areas that were high in predation risk.  The idea of risk vs. reward in animal 
behavior is well studied.  Many fish species that act as both predators and prey utilize 
high prey areas only when cover or structure is available in the presence of predators 
(Fraser and Cerri, 1982; Werner et al., 1983; Mittelbach, 1986; Gotceitas and Colgan, 
1990).  Since mangroves close to the shoreline offer structure for protection and also 
abundant prey, mangroves provide juvenile sharks an area low in predation risk with 
plentiful food.  Thus the two factors that were correlated most strongly with movement 
patterns were prey biomass and distance from shore.  Predator density was not a 
significant factor in shark RSFs in the Bimini nursery areas studied but there were 
relatively few locations of predators with which to estimate density especially in the 
North Sound nursery area (Figure 5-10).  Subadult lemon sharks rarely ventured into the 
primary nurseries although the South Bimini nursery was more frequented.  The addition 
of distance from shore and depth as variables helped to define predation risk.  Thus, 
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juvenile sharks minimized predation risk by remaining close to the shoreline and in 
shallow water which was safer in terms of predation risk when compared to deeper water 
that was farther from shore.  
Individual RSF 
 There was substantial variability in individual RSF models (Tables 5-7 & 5-8).  
Some clear patterns in South Bimini sharks were that locations were correlated with areas 
of high prey density and areas that were close to shore.  Among individual sharks that 
were examined across seasons, there was consistency in this pattern in the dry and wet 
seasons.  In the North Sound, most sharks had movements that correlated with shallow 
water and areas close to shore.  Newman (2003) showed that the North Sound nursery 
was less stable in terms of primary production than the South Bimini nursery area.  The 
North Sound nursery also had higher abundances of the lemon sharks’ most preferred 
prey (yellowfin mojarra – Gerres cinerus) but the prey communities were more unstable 
when compared to South Bimini.  Thus, prey biomass was not a significant factor to 
individual lemon sharks in the North Sound.  Sharks did not tie their movements with 
prey communities as tightly in the North Sound because there was less stability in the 
prey communities throughout the year.  While in the South Bimini nursery area, prey 
availability was more consistent so sharks tended to utilize areas that were consistently 
productive.  This suggests that the North Sound juvenile sharks learned that prey 
abundance was less predictable and therefore, was one potential reason for larger home 
ranges (Chapter 4).  In the South Bimini nursery, juvenile sharks learned that prey was 
available in predictable areas and therefore, they had smaller home ranges. 
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 Resource selection models 
 Most studies of resource selection either ignore problems caused by a lack of 
independence among observations (Morrison, 2001) or subsample data to achieve 
independence usually losing important biological information in the process (McNay and 
Bunnell, 1994; Solla et al., 1999).  Autocorrelation in resource selection studies can 
produce incorrect variance estimates and increase Type I error rates (Otis and White, 
1999; Leban et al., 2001).  I attempted to account for this in calculating population level 
RSFs where the individual is used as the sampling unit rather than the individual’s 
observations and the ID of the animal is included in the model as a random effect.  I used 
a recent development suggested by Gillies et al. (2006) whereby a generalized linear 
mixed model is extended by adding random effects to binomial responses (Skrondal and 
Rabe-Hesketh, 2004).  On an individual RSF level, I utilized a Newey-West variance 
inflator based on calculated time to independence for juvenile lemon sharks which 
reduced the potential amount of Type I error in the individual RSFs.  Through these 
methods I attempted to address a significant problem in many resource selection studies.  
 Conclusions 
 There was variability in the RSFs calculated at the population level and at the 
individual level.  However, there were some clear patterns in the RSFs with most sharks 
during most seasons in all years having movement patterns that were correlated with 
areas of high prey biomass and areas close to shore.  The North Sound nursery area was 
the safest area in terms of predator density compared to all other locations around Bimini.  
Therefore, if predation by larger conspecifics accounts for a substanstial portion of 
mortality rates in juvenile sharks in Bimini, then a pregnant adult female can increase the 
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survival rates of her offspring by choosing to give birth in this nursery area.  The fact that 
juvenile lemon sharks disproportionately utilized areas close to shore demonstrates the 
importance of mangroves to the early life stages of lemon sharks.  The protection offered 
by the structure of the mangroves and the abundant prey found in the mangroves 
maximizes the fitness of young lemon sharks in their primary nursery areas. 
 Future Directions 
 The results from this study can be considered macro-scale resource selection as I 
analyzed RSFs over a season (6 month period).  Future research should focus on a micro-
scale to examine resource selection over a shorter time period (i.e. diel period).  Analyses 
at this level may show that over the short-term other factors such as temperature, 
dissolved oxygen, or salinity may be important in habitat choices.  Many strategies have 
been used to analyze resource selection specifically with how use and availability are 
defined.  I chose to analyze resource selection over a seasonal time frame using both 
population level and individual RSFs by employing logistic regression.  Comparison of 
analytical methods in this study with other methods such as Euclidean distances or 
discrete choice models would be valuable to determine if resource selection is consistent 
across methods. 
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Table 5-1. Variables, parameters, model significance, and model selection of seasonal RSF models for sharks from the South 
Bimini nursery area during 2003/2004.  LCL and UCL represent 95% confidence intervals.  Model significance evaluated using log 
likelihood (-2LL) statistics.  Model selection is based on Akaike’s Information Criterion where lowest value represents best model fit. 
 
2003/2004
Variable βi Robust SE P LCL,UCL βi Robust SE P LCL,UCL
Predator density -0.006 0.068 0.92 -0.139,0.126 -0.782 0.517 0.131a -1.796,0.232
Distance -0.179 0.039 <0.001 -0.254,-0.103 -0.011 0.003 <0.001 -0.016,-0.006
Depth 0.062 0.065 0.34 -0.066,0.189 0.132 0.107 0.219a -0.078,0.342
Prey density 0.082 0.021 <0.001 0.040,0.123 0.155 0.027 <0.001 0.103,0.208
Bottom type 0.055 0.023 0.02 0.010,0.100 0.045 0.017 0.010 0.011,0.079
Log likelihood
Null(-2LL) 11788.2 4416.4
Full(-2LL) 9763.6 3941.0
pseudo-r2 0.169 0.108
P <0.001 <0.001
Χ
2 1993.1 475.4
df 5 5
Variables -2LL AIC AICw Variables -2LL AIC AICw
all 9726 9740 0.49 all 3896 3909 1.00
dist+prey+bt+depth 9728 9740 0.49 dis+bt+prey+depth 3926 3937 0.00
prey+dis+bt 9738 9748 0.01 dis+bt+prey+pred 3926 3938 0.00
dist+prey+bt+pred 9736 9748 0.01 prey+dis+bt 3956 3965 0.00
dist+bt 9806 9814 0.00 prey+dis 3976 3985 0.00
prey+dis 9820 9829 0.00 pred+dis+depth 4048 4058 0.00
pred+dis+depth 9868 9878 0.00 pred+dist 4098 4107 0.00
dist 9878 9885 0.00 prey+bt 4138 4145 0.00
pred+dist 9882 9889 0.00  
Wet Dry
Model Selection
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Table 5-2. Variables, parameters, model significance, and model selection of seasonal RSF models for sharks from the South 
Bimini nursery area during 2004/2005.  LCL and UCL represent 95% confidence intervals.  Model significance evaluated using log 
likelihood (-2LL) statistics.  Model selection is based on Akaike’s Information Criterion where lowest value represents best model fit. 
 
Variable βi Robust SE P LCL,UCL βi Robust SE P LCL,UCL
Predator density 0.049 0.033 0.14 -0.017,0.114 -0.01 0.012 0.43 -0.034,0.014
Distance -0.11 0.013 <0.001 -0.136,-0.084 -0.069 0.009 <0.001 -0.087,-0.051
Depth 0.025 0.04 0.54 -0.055,0.104 -0.109 0.068 0.11 -0.243,0.024
Prey density 0.169 0.201 0.001 0.066,0.272 0.053 0.141 0.71 0.043,0.085
Bottom type 0.04 0.015 0.008 0.010,0.070 0.064 0.011 <0.001 -0.223,0.329
Log likelihood
Null model(-2LL) 5990.4 5946.6
Full model(-2LL) 5132.2 5456.1
pseudo-r2 0.143 0.076
P <0.001 <0.001
Χ
2 858.1 448.9
df 5 5
Model -2LL AIC AICw Model -2LL AIC AICw
pred+prey+bt+dist 5132 5145 0.51 all 5456 5470 0.62
all 5132 5146 0.31 dis+depth+bt 5462 5472 0.23
prey+dis+bt 5138 5148 0.11 pred+depth+dis+bt 5462 5473 0.14
prey+bt+dist+depth 5138 5149 0.07 prey+dis+bt 5470 5479 0.01
prey+dis 5174 5181 0.00 pred+dis+bt+prey 5470 5481 0.00
dist+bt 5254 5263 0.00 dist+bt 5476 5484 0.00
dist 5284 5289 0.00 pred+dis+depth 5570 5579 0.00
pred+dist 5282 5289 0.00 prey+dis 5594 5602 0.00
pred+dis+depth 5280 5290 0.00 dist 5602 5608 0.00
prey+bt 5724 5732 0.00 pred+dist 5600 5609 0.00
prey+bt 5798 5807 0.00
Wet Dry
2004/2005
Model Selection
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Table 5-3. Variables, parameters, model significance, and model selection of seasonal RSF models for sharks from the South 
Bimini nursery area during 2005/2006.  LCL and UCL represent 95% confidence intervals.  Model significance evaluated using log 
likelihood (-2LL) statistics.  Model selection is based on Akaike’s Information Criterion where lowest value represents best model fit. 
 
Variable βi Robust SE P LCL,UCL βi Robust SE P LCL,UCL
Predator density 0.021 0.019 0.275 -0.016,0.058 -0.080 0.06 0.179 -0.197,0.037
Distance -0.116 0.007 <0.001 -0.129,-0.102 -0.068 0.003 <0.001 -0.074,-0.062
Depth -0.019 0.034 0.582 -0.087,0.049 -0.004 0.051 0.940 -0.105,0.097
Prey density 0.069 0.016 <0.001 0.037,0.101 0.115 0.024 <0.001 0.067,0.163
Bottom type 0.002 0.008 0.796 -0.014,0.018 -0.037 0.012 0.002 -0.061,-0.013
Log likelihood
Null model(-2LL) 5434 4389.4
Full model(-2LL) 5026 4069.6
pseudo-r2 0.075 0.039
P <0.001 <0.001
Χ
2 407.4 172.7
df 5 5
Model -2LL AIC AICw Model -2LL AIC AICw
prey+dis 4736 4745 0.35 pred+prey+dist+bt 4070 4082 0.72
pred+prey+dist 4736 4745 0.35 all 4070 4084 0.27
prey+dis+bt 4736 4747 0.13 prey+dis+bt 4080 4091 0.01
pred+prey+dist+depth 4734 4747 0.13 dist+bt 4110 4118 0.00
all 4734 4749 0.04 prey+dis 4118 4126 0.00
dist 4752 4759 0.00 pred+dist 4124 4132 0.00
pred+dist 4752 4760 0.00 pred+dis+depth 4124 4133 0.00
dist+bt 4752 4761 0.00 dist 4146 4151 0.00
pred+dis+depth 4752 4762 0.00 prey+bt 4254 4262 0.00
Wet Dry
2005/2006
Model Selection
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Table 5-4. Variables, parameters, model significance, and model selection of seasonal RSF models for sharks from the North 
Sound nursery area during 2003/2004.  LCL and UCL represent 95% confidence intervals.  Model significance evaluated using log 
likelihood (-2LL) statistics.  Model selection is based on Akaike’s Information Criterion where lowest value represents best model fit. 
 
Variable βi Robust SE P LCL,UCL βi Robust SE P LCL,UCL
Predator density 0.084 0.159 0.596 -0.227,0.395 -0.425 0.162 0.009 -0.743,-0.107
Distance -0.004 0.001 <0.001 -0.005,-0.002 -0.002 0.002 0.406 -0.006,0.002
Depth -0.379 0.039 <0.001 -0.455,-0.303 -0.517 0.175 0.003 -0.859,-0.174
Prey density 0.124 0.048 0.010 0.030,0.219 0.227 0.076 0.003 0.079,0.375
Bottom type 0.003 0.012 0.785 -0.019,0.026 -0.03 0.048 0.533 -0.123,0.064
Log likelihood
Null model(-2LL) 6439.6 6681.0
Full model(-2LL) 5679.8 5696.6
pseudo-r2 0.118 0.140
P <0.001 <0.001
Χ
2 759.8 933.1
df 5 5
Model -2LL AIC AICw Model -2LL AIC AICw
pred+dist+depth+prey 5620 5631 0.60 everything 5696 5711 1.00
everything 5618 5633 0.22 pred+prey+depth+dist 5718 5730 0.00
dist+depth+prey 5624 5634 0.13 pred+prey+depth+bt 5720 5732 0.00
bt+dist+depth+prey 5624 5636 0.05 pred+prey+depth 5754 5766 0.00
pred+bt+dist+depth 5636 5648 0.00 prey+depth 5840 5849 0.00
dist+depth 5642 5650 0.00 pred+depth 5850 5858 0.00
2003/2004
Wet Dry
Model Selection
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Table 5-5. Variables, parameters, model significance, and model selection of seasonal RSF models for sharks from the North 
Sound nursery area during 2004/2005.  LCL and UCL represent 95% confidence intervals.  Model significance evaluated using log 
likelihood (-2LL) statistics.  Model selection is based on Akaike’s Information Criterion where lowest value represents best model fit. 
 
Variable βi Robust SE P LCL,UCL βi Robust SE P LCL,UCL
Predator density 0.124 0.145 0.392 -0.160,0.409 0.179 0.193 0.355 -0.200,0.558
Distance -0.007 0.001 <0.001 -0.010,-0.004 -0.004 0.002 0.008 -0.007,-0.001
Depth -0.079 0.095 0.407 -0.266,0.108 -0.159 0.087 0.067 -0.329,0.011
Prey density 0.145 0.037 <0.001 0.073,0.218 0.159 0.029 <0.001 0.101,0.216
Bottom type 0.013 0.013 0.303 -0.012,0.038 0.001 0.010 0.911 -0.019,0.022
Log likelihood
Null model(-2LL) 3014.8
Full model(-2LL) 2515.4 3339.6
pseudo-r2 0.166 0.106
P <0.001 <0.001
Χ
2 499.4 394.1
df 5 5
Model -2LL AIC AICw Model -2LL AIC AICw
dist+prey+depth 2516 2527 0.26 pred+prey+dist+depth 3290 3302 0.56
everything 2514 2528 0.16 everything 3290 3303 0.34
dist+prey+bt+depth 2516 2528 0.16 prey+depth+dist 3296 3306 0.07
dist+prey+pred+depth 2516 2528 0.16 prey+depth+dist+bt 3296 3308 0.03
dist+prey+bt 2518 2529 0.10 pred+prey+dist 3310 3321 0.00
dist+prey 2522 2530 0.06 prey+dist 3318 3325 0.00
dist+prey+pred+bt 2518 2530 0.06 prey+dist+bt 3316 3326 0.00
dist+prey+pred 2520 2531 0.04
dist+depth 2530 2538 0.00
2004/2005
Wet Dry
Model Selection
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Table 5-6. Variables, parameters, model significance, and model selection of wet season RSF models for sharks from the North 
Sound nursery area during 2005.  LCL and UCL represent 95% confidence intervals.  Model significance evaluated using log 
likelihood (-2LL) statistics.  Model selection is based on Akaike’s Information Criterion where lowest value represents best model fit. 
 
Variable βi Robust SE P LCL,UCL
Predator density 0.287 0.024 <0.001 0.240,0.334
Distance -0.004 0 <0.001 -0.004,-0.003
Depth -0.222 0.023 <0.001 -0.267,-0.176
Prey density -0.021 0.139 0.878 -0.293,0.250
Bottom type -0.04 0.003 <0.001 -0.046,-0.035
Log likelihood
Null model(-2LL) 1262.4
Full model(-2LL) 1115.6
pseudo-r2 0.116
P <0.001
Χ
2 146.8
df 5
Model -2LL AIC AICw
pred+dist+depth+bt 1112 1125 0.64
everything 1112 1127 0.23
dist+depth+bt 1120 1130 0.05
pred+dist+bt 1120 1131 0.03
dist+depth+bt+prey 1120 1132 0.02
dist+pred+bt+prey 1120 1133 0.01
dist+depth 1126 1134 0.01
pred+depth+bt 1124 1134 0.01
dist 1132 1139 0.00
2005/2006
Wet
Model Selection
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Table 5-7.  Estimated coefficients from seasonal RSF models for individual sharks in the South Bimini study site.  Significance 
of parameters determined with Newey-West sandwich variance estimators with an autocorrelation lag distance of 20.   
* represents significance of that parameter at the 0.05 level 
** represents significance of that parameter to a level of <0.01 
 
Dry Season SB333 SB367 SB367 SB356 SB356 SB356 SB555 SB344
Variable 2003/2004 2003/2004 2004/2005 2003/2004 2004/2005 2005/2006 2003/2004 2005/2006
Predator Density -1.129* -18.839 N/A -0.272 0.047 N/A -1.808* 0.173
Distance from shore -0.030** -0.004* N/A -0.015** -0.009** N/A -0.010** -0.013*
Depth -0.102** -0.102 N/A -0.109 -0.233** N/A -0.267* 0.121
Bottom Type -0.024 0.011 N/A 0.072** 0.093** N/A 0.051 -0.012
Prey Density 0.262** 0.156** N/A 0.095** 0.163** N/A 0.158** 0.269*
Wet Season
Variable
Predator Density -0.722** N/A -1.068** -1.160** 0.003 0.055 -0.287 -0.197
Distance from Shore -0.020** N/A -0.005** -0.013** -0.011** -0.011** -0.011** -0.013**
Depth -0.056 N/A 0.042 0.186** 0.057 -0.014 0.028 0.181
Bottom Type 0.041** N/A 0.002 0.046** 0.068** 0.043 0.072** -0.081*
Prey Density 0.059* N/A 0.155** 0.100** 0.035 -0.029 0.105** 0.101*
Dry Season SB233 SB3336 SB3336 SB345 SB223 SB333v2 SB366
Variable 2005/2006 2004/2005 2005/2006 2003/2004 2005/2006 2005/2006 2003/2004
Predator Density -0.308** N/A -0.015 N/A N/A -0.044 N/A
Distance from shore -0.001 N/A -0.006** N/A N/A -0.007** N/A
Depth -0.189* N/A -0.065 N/A N/A 0.011 N/A
Bottom Type -0.111** N/A 0.063** N/A N/A -0.029* N/A
Prey Density 0.096* N/A -0.166** N/A N/A 0.125 N/A
Wet Season
Variable
Predator Density -0.258** 0.068* 0.080** 0.127** 0.085 N/A 0.049
Distance from Shore -0.007** -0.012** -0.014** -0.039** -0.001 N/A -0.026**
Depth 0.007 -0.221* 0.032 0.728** -0.395* N/A -0.164
Bottom Type -0.090** 0.022 0.025** 0.056 0.049 N/A -0.028
Prey Density 0.049 0.115** 0.250** 0.075 -0.009 N/A -0.012
South Bimini
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Table 5-8.  Estimated coefficients for individual sharks in the North Sound study site for seasonal RSF models.  Significance of 
parameters determined with Newey-West sandwich variance estimators with an autocorrelation lag distance of 20.   
* represents significance of that parameter at the 0.05 level 
** represents significance of that parameter to a level of <0.01 
 
 
NS347 NS347 NS347 NS357 NS366 NS777 NS777 NS376
Dry Season  Variable 2003/2004 2004/2005 2005/2006 2003/2004 2003/2004 2003/2004 2004/2005 2004/2005
Predator Density -0.673 0.388 N/A N/A 1.430* -0.655 N/A N/A
Distance from shore 0.001 -0.002* N/A N/A -0.022** -0.004** N/A N/A
Depth -0.757** -0.223** N/A N/A 0.250 -0.278** N/A N/A
Bottom Type -0.053 0.001 N/A N/A -0.025 -0.015 N/A N/A
Prey Density -0.167 -0.240 N/A N/A 0.362 0.431** N/A N/A
Wet Season  Variable
Predator Density N/A -0.021 0.267* 0.179 N/A N/A 0.324 -0.066
Distance from Shore N/A -0.006 -0.004 0.003 N/A N/A -0.006** -0.010**
Depth N/A -0.349 -0.271* -0.635** N/A N/A 0.085 -0.140
Bottom Type N/A -0.16 -0.036 -0.056** N/A N/A 0.004 0.036
Prey Density N/A 0.530* -0.374 -0.103 N/A N/A 0.107* 0.144*
North Sound
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Figure 5-1. Map of Bimini Islands showing the 2 primary nurseries studied: the 
North Sound and the South Bimini coastline along with the primary nursery adjacent to 
the North Sound nursery: Sharkland 
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Figure 5-2.  Depth contour map of the South Bimini nursery area showing average depth during the entire study period.
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Figure 5-3. Proportion of telemetry locations by depth at used (black bars) and 
available (grey bars) points for lemon sharks in the South Bimini nursery during 
each year of the study.
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Figure 5-4. Depth contour map of the North Sound nursery area showing average 
depth during the entire study period.
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Figure 5-5. Proportion of telemetry locations by depth at used (black bars) and 
available (grey bars) points for lemon sharks in the North Sound nursery during 
each year of the study. 
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Figure 5-6. Contour map of the South Bimini nursery area showing biomass of relevant prey species averaged over the entire 
study period.  For analyses, prey biomass was estimated separately for the wet season and the dry season. 
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Figure 5-7. Proportion of telemetry locations by prey biomass at used (black bars) 
and available (grey bars) points for lemon sharks in the South Bimini nursery 
during each year and season of the study.   
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Figure 5-8. Contour map of the North Sound nursery area showing biomass of 
relevant prey species averaged over the entire study period.  For analyses, prey 
biomass was estimated separately for the wet season and the dry season.
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Figure 5-9. Proportion of telemetry locations by prey biomass at used (black bars) 
and available (grey bars) points for lemon sharks in the North Sound nursery 
during each year of the study. 
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Figure 5-10. Predator density in the areas around Bimini, Bahamas.  Density was 
estimated using telemetry locations of subadult lemon sharks greater than 120 cm.  Green 
represents areas on the map that had lower numbers of subadult sharks recorded in those 
areas.  Red represents areas on the map that have had greater numbers of subadult 
telemetry locations recorded in those areas.
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Figure 5-11. Proportion of telemetry locations by predator density at used (black 
bars) and available (grey bars) points for lemon sharks in the South Bimini nursery 
during each year of the study.  
  
178 
 
 
 
 
 
Figure 5-12. Proportion of telemetry locations by predator density at used (black 
bars) and available (grey bars) points for lemon sharks in the North Sound nursery 
during each year of the study.  
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Figure 5-13.  Dominant bottom type of areas within the South Bimini primary nursery area.  Bottom types were estimated from 
a LandSat 7 satellite image and groundtruthed using GPS and systematic surveys.  Seagrass density ranges from D1 (sparse seagrass) 
to D5 (high density seagrass beds).  MA is various macroalgae species.
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Figure 5-14. Proportion of telemetry locations by bottom type at used (black bars) 
and available (grey bars) points for lemon sharks in the South Bimini nursery 
during each year of the study.   D1 through D5 represents density of seagrass 
(Thalassia testidudinum).  MA represents macroalgae species presence.
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Figure 5-15. Dominant bottom type of areas within the North Sound primary nursery area.  Bottom types were estimated from a 
LandSat 7 satellite image and groundtruthed using GPS and systematic surveys.  Seagrass density ranges from D1 (sparse seagrass) to 
D5 (high density seagrass beds).  MA is various macroalgae species. 
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Figure 5-16. Proportion of telemetry locations by bottom type at used (black bars) 
and available (grey bars) points for lemon sharks in the North Sound nursery 
during each year of the study.  D1 through D5 represents density of seagrass (Thalassia 
testidudinum).  MA represents macroalgae species presence.
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Figure 5-17. Proportion of telemetry locations by distance from shoreline at used 
(black bars) and available (grey bars) points for lemon sharks in the South Bimini 
nursery during each year of the study.  
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Figure 5-18. Proportion of telemetry locations by distance from shoreline at used 
(black bars) and available (grey bars) points for lemon sharks in the North Sound 
nursery during each year of the study.  
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Chapter 6: Conclusions and Implications 
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Conclusions 
 The nursery areas around Bimini are ecologically distinct especially the North 
Sound and South Bimini nurseries.  There was no movement of sharks between these two 
primary nursery areas.  There were ontogenetic changes in space use with both home 
range size and distance from shore increasing significantly with age in both nursery areas.  
There seemed to be a greater increase in movement patterns as sharks grew larger 
especially as sharks neared 1 m in length suggesting that this is the size at which the shift 
from primary to secondary nursery occurs.  There were clear site differences in 
movement patterns with North Sound sharks having larger home ranges and venturing 
further from shore.  This suggests that sharks in the North Sound may have to expend 
more energy to acquire resources or find suitable habitat.  This is supported by the data 
from previous work which demonstrates that the North Sound has a less stable prey 
community and more fluctuations in abiotic habitat.  Another possibility is that sharks in 
the South Bimini nursery are restricted in their movements due to an increased predation 
risk in that nursery.  This is supported by the ontogenetic shift in home range size that is 
seen in the South Bimini nursery as sharks greatly expanded home range sizes after they 
reached approximately 85 cm.  A third possibility is that the shape and bathymetry of the 
nursery areas influences movement patterns. 
 There was seasonal variation in movement patterns but the patterns were unclear.  
Sharks may spend more time further offshore and increase home ranges during the cooler 
months because of the colder water temperatures.  Sharks may venture to deeper, warmer 
water when shallow water gets too cold.  Shark movements in both nursery areas were 
significantly correlated with prey biomass in both nurseries.  In the North Sound nursery 
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area, sharks also selected shallower water while in the South Bimini nursery area sharks 
disproportionately used areas close to shore.  These results support the hypothesis by 
Branstetter (1990) that sharks use nursery areas because of low predation risk and high 
prey availability because even within nursery areas, individual sharks generally stayed in 
areas that were high in prey and lower in predation risk (shallow water & close to shore). 
When comparing the two nursery areas studied, the North Sound has lower primary 
productivity, less stable prey communities, higher variability in environmental conditions 
(Newman, 2003), sharks have slower growth (Barker et al., 2005), larger home ranges, 
are found further from shore.  However, density of sharks seems to be higher in the North 
Sound nursery which seems in contradiction to the conditions in this nursery.  One 
possible reason for more sharks being born in the North Sound compared to South Bimini 
is that the North Sound has a much lower predator density.  Thus, sharks could be under 
much less predation risk which for overall fitness is an important component. 
Conservation Implications 
 Results from these studies showed the importance of long-term studies of shark 
nursery areas on a fine scale to truly define their role in the early life history of sharks 
and also in defining EFH for juvenile sharks in their nursery areas.  The delineation of the 
primary nurseries around Bimini and the absence of immigration/emigration show that 
local impacts on the nurseries may have severe implications to the population. 
Based on the movements of subadult lemon sharks, a very important predator of juvenile 
lemon sharks, the North Sound appears to have the lowest amount of predators in the 
nursery area.  Juvenile lemon sharks in the North Sound nursery may experience lower 
predation risk thereby resulting in an increased fitness for those individuals.  Therefore, 
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the North Sound may play a very important role in the overall population of lemon sharks 
that utilize Bimini as nursery grounds.  The ongoing development of the North Sound 
nursery may have severe short-term and long-term effects to the other nursery areas and 
also to the population. 
Future Directions 
 Continuing tracking studies in North Sound nursery to determine the effects of the 
continuing development on the behavior and movements of the resident juvenile sharks 
by comparing movements from pre-mangrove removal to post-mangrove removal would 
be valuable in understanding how large-scale development affects shark populations in 
their nursery areas.  Utilizing a combination of active and passive telemetry to monitor 
pregnant female lemon sharks as they come into Bimini to give birth over multiple years 
to gain a better understanding of the usage of the primary nursery areas by adult female 
sharks.  This can be done in combination with genetic studies in order to determine the 
specificity of nursery philopatry.  One important aspect of the ecology of the nursery 
areas is to obtain better information on the level of predation risk in each of the nursery 
areas.  This can be accomplished by using a combination of active and passive telemetry 
to concurrently track both juvenile and subadult lemon sharks.  Stable isotope analyses in 
the Bimini ecosystem may offer important information on the predator-prey relationships 
between juvenile and subadult lemon sharks.  Another aspect of predation risk that needs 
to be further studied is a measure of the level of predation that juvenile lemon sharks 
incur.  Gruber et al. (2001) found annual survival rates to be between 39% and 65% but 
how much of this mortality is due to predation is unknown.  Using rates of disappearance 
attributed to predation for sharks tracked in these studies as a proxy for predation rates, 
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yielded an estimated predation rate of around 50%.  Therefore, predation may account for 
a substantial portion of total mortality in the local populations.  However, this estimate 
for predation rate must be considered a conservative measure as it is based on indirect 
observations and assumptions of predation.  However, additional work in this area is 
crucial in understanding how predation risk may affect the behavior and ecology of 
juvenile lemon sharks in their primary nursery areas. 
 More research is needed in many aspects of shark nursery areas to truly 
understand how and why juvenile sharks utilize these areas.  The amount of data 
collected in the nursery areas of Bimini, Bahamas makes it a valuable system for future 
research.  Much is known about the biotic and abitoic environment in these nurseries and 
the lemon shark populations around Bimini are well studied.  This allows for a unique 
opportunity to examine aspects of shark nursery areas that may not be possible in other 
nurseries around the world.
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